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Abstract

Recent advances in Organic Photovoltaics have brought this field to the forefront of renewable

energy research. In the past decade, organic photovoltaic devices have gained plenty of attention

thanks to their chemical tunability, light weight, flexibility and increasing efficiency. Being roll-to-

roll compatible, the manufacturing processes needed to produce such devices are easily scalable,

and their low material usage and low embedded energy make for a sustainable commercial

technology that can contribute to solving our current energy crisis. This technology, however,

still faces several obstacles that prevent its widespread development. On the one hand, low

charge mobilities and relatively modest absorption coefficients limit the final solar cell efficiency,

while the complex synthetic routes of the best performing materials limit their economic viability.

On a device level, the technology faces different issues related to limited thermal stability, as

well as tandem fabrication difficulties, to name but a few.

This thesis explores three novel strategies focused on improving the overall efficiency of organic

photovoltaic devices, specifically designed to increase light absorption, enhance charge carrier

mobility, and reduce thermalization losses. In order to tackle such an ambitious research

program, we first developed a characterization platform that enabled us to measure organic

photovoltaic devices in a highly reproducible manner and between 5 and 10 times faster than

sequential methods. This platform consists in the combination of hardware and software that

enables any user to characterize a photovoltaic device in a fully automated procedure, reducing

human errors, homogenizing the results amongst all different users, and saving a significant

amount of time and effort. This platform is described in Chapter 3, with further developments

also included in other chapters. After this technological chapter, the thesis then details the

three approaches to improve efficiency.

Chapter 4 demonstrates the incorporation of photonic structures within photovoltaic devices as

means to increase absorption. Specifically, we show that the charge transfer state absorption of

organic photovoltaic devices based on P3HT:PC61BM and PBTTT:PC71BM, can be enhanced

by nanostructuring their active layer in the shape of a 2D photonic crystal. This absorption

enhancement results in an increased EQE, which is especially pronounced below the band gap

of the blend, leading to modest improvements in solar cell photocurrent and good performance

near-infrared photodetectors.
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Chapter 5 is based on the hypothesis that charge carrier mobility can be increased by raising

photoactive material temperature. To evaluate this, we monitor solar cell performance as a

function of active layer temperature. We show that the power conversion efficiency (PCE)

is enhanced with temperature, with this effect being especially pronounced on thicker active

layers, where mobility tends to be the main performance limiting factor. We studied the

performance of 10 different photoactive blends at different temperatures, noting that only some

of those systems exhibit reversible changes with temperature. In order to understand this

behaviour, we investigated in more detail devices made of PBDBT:ITIC, showing that this

system has a temperature resistant microstructure and notably improved charge transport at

high temperatures, ultimately translated to better PCE. To perform these experiments, we

designed and manufactured a custom experimental setup that is able to characterize our devices

while accurately controlling the active layer temperature.

Finally, the last two chapters demonstrate the feasibility of a, seemingly unexplored, tandem solar

cell concept based on spectral splitting, which we named RAINBOW solar cell. This architecture

combines a wavelength dispersive optical element and a monolithic in plane (c.f. stack in normal

tandem) multi-cell layout with a discrete Eg gradient. In Chapter 6 we study this geometry

from a theoretical point of view, performing simulations and calculations with ideal and real

materials that establish the scaffolding of RAINBOW solar cell theory, as well as guidelines for

material selection. While in Chapter 7 we build an experimental setup capable of characterizing

and optimizing real RAINBOW solar cells. The calculations and real measurements are in good

agreement, with RAINBOW solar cells providing up to 34% higher efficiency than the best

performing sub-cell. As a final proof of concept, we developed partial deposition techniques to

manufacture a fully functional monolithic horizontal tandem RAINBOW device.

ii



Acknowledgements

First of all, I would like to thank Mariano, not only for being the best supervisor one could ever

wish for, but for being a companion on this journey, treating me like an equal from the very

beginning, while guiding me on this path full of wonders. He has always known when to let

my imagination fly and when to bring me back to earth, even if he himself struggles to stay on

the ground sometimes. He is unique, a unicorn we could say, and since I’m a rainbow, we were

DETERMINED to get along.

I also want to express my gratitude to Alejandro and Agustín, for sharing the task of dealing with

my crazy ideas with Mariano, and to always be there to solve problems and share experiences.

Gràcies Putu Pau, perquè sí, a la meva tesi havia d’estar escrit això en algun moment, el millor

és aprofitar-ho per agrair-te tot el que ets. No només ets un labmate excel·lent i brillant, sinó

que ets un company de vida, i no importa que estiguem ara mateix a 6000 km que sempre et

portaré amb mi. Per això, vull aprofitar la validesa legal d’aquest document per atorgar-te el

títol oficial de PUTU PAU . Gràcies Miqueló, perquè treballar amb tu ha estat un plaer, però

compartir algo tan íntim com una casa amb el millor company de pis que un podria desitjar

ho eclipsa tot. Jose, you do not know how much you have changed my life, really, I’m have

been gargantuanly lucky to have you as a deskmate, and now I’m really lucky to have you as

a friend. Nadia, como una persona puede promover tal vinculo en en tan poco tiempo? Te

echamos de menos. I want to thank Prof. Dr. Koen Vandewal and Dr. Quan Liu, for giving me

the opportunity of working with them and being there to help me in really troublesome times.

Additionally, I would like to thank everybody that has been around in the lab, and outside,

coming along on this journey with me: Pietat, perquè sense tu i tots els companys d’administració

res al ICMAB seria possible. Bernhard, because we need you. Enrique, porque me enseñaste.

Cristiano, perche mi incoraggi. Bego, porque me cuidas. Camila, perche mi vuoi benissimo. Cris,

per tot el que he après. Mayte, perquè somos como germans. David, pels nostres diumenges

de monstres i cançons. 	


�
�
�
�»


@ ú



	
æÊªm.

�
�
' ½

	
K

B , A

	
KP Barusco, per o meu garoto. Sebas, porque me

ayudas. Leo, porque serás muy buen padre. Alex, because I love you. Osnat, porque me haces

reir. Q�
J.» ½J. Ê
�
¯

	
à

B

�
éÒ£A

	
®Ë Fendy, por tu complicidad. Francesco, perche hai un cuore gigante.

Jose, perquè em fas fort. Ylli, perché ci siamo. Nerea i Judit, per la companyia i la xocolata.

iii



Laura, per spaventarti. Ivan, per ser un nerd com jo. Carmen, 私とほぼ同じくらいオタク

でいてくれてありがとう. Y a todos los miembros del lab, por estar ahí a mi lado siempre

haciendo que el icmab sea más un hogar, gracias Albert, Luis, Toni, Adrián, Eulàlia, Marta,

Xabo, Clara, Gail, Jake (i love Jake), Pamela and my favourite chinese comunity 孔明华, 郭佳

莉, 胡锦辉, 徐凯, 谢谢.

Per altra banda, voldria agrair a tots els meus companys, amigues i amics, que m’han acompanyat

en aquest camí. Gràcies Joel, perquè hi ets des del principi i espero que fins al final. Aida,

Cris, Marta, Ilsa, per les aventures. Eriksito querido, y por supuesto, Carlos, Yuste, Marc,

Ramón, (Tarrades no), por querer hacer cosas aunque sea díficil encontrarnos. Nanos, Aina,

Laura, Uri, Laura, Ana, Anna, Pedrito, Noe, Em sembla molt bé que estiguem lluny només

si quan estem a prop ens tornem a veure, encara que sigui per ajudar a una mudança o per

agafar bombons. Elisa, per els bons debats. Alexis, a formentera o a on sigui que estiguis et

perseguiré per estimar-te. Ane, we are both filled with... Jordi, sempre seràs el meu tumor.

Sara, Juande, por los domingos de barbacoa y BANG. ともこ先生と和室のナカマの皆、に言

だけでなく生き方も教えてくれました。Als flowerpower, perquè és com si ens haguéssim vist

ahir. Leo, Masip, perquè som uns frikis de remate. Ainhoa, Maria, no se com ens aguanteu. Gli

italiani, perché siete tutti i migliori anche se non mi parlate mai italiano. Come vi aspettate che

impari? A els “nens” i a les “nenes”, que m’heu acollit com un més al vostre grup fent-me sentir

estimat des del primer dia. I al cor del ICMAB, perquè els que gaudeamus més somus igitur,

tant juventutem com senectutem.

Per acabar, també m’agradaria agrair a tota la meva família el suport i l’estima incondicional

que m’han donat, aguantant totes les meves rareses i animant-me a continuar sent curiós i

explorador. Gràcies Mama per animar-me a descobrir el món, advocant per vigilar-me des de

lluny per si em faig mal en comptes de renyar-me perquè estic trastejant. Papa, perquè m’has

ensenyat que la meta sempre està més enllà, i que tant en la música com en la vida no ens hem

d’adormir sobre els llorers. Alex, perquè aquest camí l’hem fet junts, i per molt que creixem en

direccions diferents les arrels sempre ens uniran. Olga, perquè ets i sempre has sigut com una

mare, i he après de tu més del que et pots imaginar. Júlia, ets i seràs la noia més impressionant

d’aquest planeta, explora el món sabent que tens persones que t’estimen al teu voltant amb les

que pots comptar.

iv



Gràcies Iaia, per donar-me una segona casa, i per ser la persona que més m’ha mimat i cuidat en

aquest món. Gràcies Siscu, per haver-me ensenyat com funcionen les coses, des de l’electricitat i

la fotografia fins a la societat i l’economia. Nuri, ets la meva segona germana (ho sento Júlia, ella

va néixer abans que tu). Anni, gràcies per transmetre’m la teva vitalitat i alegria. Pepo i Mar,

perquè la disciplina i l’amor no són incompatibles. Xavi, perquè ets una persona extremadament

forta, i no parlo precisament dels triatlons i els Iron Man. Ariadna, Joanna, perquè juntes

aprendreu a viure i us fareu invencibles. Laia, Berta i Gerard, els més petits són sempre els que

arriben més lluny. Ignasi, Xabier, Belén, Marta, Xabi, Hilari i Lluis, perquè la família és la gent

que t’estimes. I per últim, Avet, perquè com he dit abans, la família és la gent que t’estimes, tu

ets la meva família, una família que farem créixer plegats estimant-nos dia a dia. T’estimo.

Finally I would like to thank you (the reader) for giving your time to this humble book. I hope

You enjoy reading this thesis as much as I have enjoyed writing it :)

v



‘Nothing in life is to be feared, it is only to be understood. Now is the time to understand more,
so that we may fear less.’

Marie Curie

‘The important thing is to never stop questioning and learning.’

Albert Einstein

vi



vii



viii



Contents

Abstract i

Acknowledgements iii

Chapter 1: Introduction 1

1.1 Why Solar? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Photovoltaics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Solar Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 Equivalent Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.2.3 JV Curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.4 Quantum Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.2.5 Photodetectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.2.6 Figures of Merit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.3 Organic Photovoltaics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.3.1 History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.3.2 Working Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.3.3 Active Layer Semiconductor Junctions . . . . . . . . . . . . . . . . . . . 25

1.3.4 Architectures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Chapter 2: Materials and Methods 29

2.1 Organic Solar Cell Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.1.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.1.2 Cleaning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

ix



x CONTENTS

2.1.3 Blade Coating Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.1.4 Spin Coating Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.1.5 Thermal Evaporation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.1.6 Encapsulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.1.7 Thermal Annealing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.2 Nanoimprinting Lithography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.2.1 Thermal Nanoimprinting Lithography . . . . . . . . . . . . . . . . . . . . 43

2.2.2 Solvent Assisted Nanoimprinting Lithography . . . . . . . . . . . . . . . 45

2.2.3 Stamp Fabrication and Architecture . . . . . . . . . . . . . . . . . . . . . 46

2.2.4 Stamp Feature Depth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.3 Device Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.3.1 Electrical Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.3.2 Optical Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.3.3 Topological Characterization . . . . . . . . . . . . . . . . . . . . . . . . . 53

Chapter 3: Automation in OPV Characterization 57

3.1 Pika JV Characterization Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.1.1 Circuit Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.1.2 Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.1.3 Pika Demultiplexer Firmware . . . . . . . . . . . . . . . . . . . . . . . . 66

3.1.4 JV Characterization Software . . . . . . . . . . . . . . . . . . . . . . . . 68

3.2 EQE Measuring Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.2.1 XZ Stage and Filter Flipper . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.2.2 Software and Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77



CONTENTS xi

Chapter 4: Enhancing OPV Performance with 2D Nanoimprinted Photonic

Structures 79

4.1 State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3 Nanostructured Solar Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.3.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.4 Nanostructured NIR Photodetectors . . . . . . . . . . . . . . . . . . . . . . . . 92

4.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.4.2 Device Fabrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.5 Nanostructure Electrical Optimization . . . . . . . . . . . . . . . . . . . . . . . 100

4.5.1 Device Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.5.2 NIR Multiwavelength Photodetector . . . . . . . . . . . . . . . . . . . . 111

4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

Chapter 5: Organic Solar Cells and Heat 116

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.2 State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

5.2.1 Temperature Irreversible Transformations . . . . . . . . . . . . . . . . . 121

5.2.2 Temperature Reversible Processes . . . . . . . . . . . . . . . . . . . . . . 123

5.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

5.4 Hot n’ Cold Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.4.1 Concept and Construction . . . . . . . . . . . . . . . . . . . . . . . . . . 126

5.4.2 Software and Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.5 Photoactive Materials Screening . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

5.5.1 Temperature Dependent Electrical Characterization . . . . . . . . . . . . 139

5.5.2 Further Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 142

5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155



xii CONTENTS

Chapter 6: Rainbow Solar Cells 157

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

6.1.1 RAINBOW Solar Cell Concept . . . . . . . . . . . . . . . . . . . . . . . 165

6.2 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

6.2.1 Ideal EQE curves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

6.2.2 Photoactive Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

6.3 Materials and Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

Chapter 7: Rainbow Measurements 189

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

7.2 SOLS Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

7.2.1 Concept and Construction . . . . . . . . . . . . . . . . . . . . . . . . . . 191

7.2.2 Software and operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

7.3 Rainbow Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

7.4 Partial Deposition Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208

7.4.1 Proof of concept device . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

Chapter 8: Thesis Conclusions and Perspectives 217

8.1 Automation in OPV Characterization . . . . . . . . . . . . . . . . . . . . . . . . 218

8.2 Enhancing OPV Performance with Nanoimprinted 2D Photonic Structures . . . 219

8.3 Organic Solar Cells and Heat . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

8.4 RAINBOW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

Appendix A: Automation in OPV Characterization 223



Appendix B: Enhancing OPV Performance with Nanoimprinted 2D Photonic

Structures 225

B.1 Nanostructure Electrical Optimization . . . . . . . . . . . . . . . . . . . . . . . 225

B.2 Active layer Thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

B.3 Annealing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232

Appendix C: Organic Solar Cells and Heat 234

C.1 Open circuit voltage Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . 234

C.2 PLA Salt Remelting/Annealing . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

C.3 Circuit Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

C.4 Drift Diffusion Simulations Supplementary . . . . . . . . . . . . . . . . . . . . . 243

Appendix D: Rainbow Solar Cells 244

D.1 Material Candidate List . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244

Appendix E: Rainbow Measurements 246

E.1 Concave mirror . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

E.2 Light Pipe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

E.3 Alternative Spectral Filtration Systems . . . . . . . . . . . . . . . . . . . . . . . 252

Bibliography 269

xiii



xiv



Chapter 1

Introduction

Humans have benefited from the energy of the sun ever since the dawn of civilization. From

hunter gatherers who used it to see their prey, select their berries and keep their bodies warm,

to farmers who converted it into the wheat, maize and rice that fueled the biggest civilizations

of all time. Sunlight has influenced humans in apparently subtle but crucial ways, from killing

bacteria and drying our food to powering the winds that allowed us to sail the world and

propelled us to the modern era. Nevertheless, the sun outputs so much more energy than we will

ever be able to gather, encouraging us to endlessly invent and devise new methods to harness

its power in ever more efficient ways. To date, one of the most direct and efficient ways humans

have developed to harvest solar energy is through the use of Photovoltaics.1–4

Even for the most knowledgeable in the field and perhaps especially for them, photovoltaics

is an almost magical technology that immediately converts sunlight into the electricity that

powers practically everything we need to thrive in our modern society. This simplicity and

effectiveness are probably one of the main reasons why solar power is one of the most promising

renewable technologies nowadays.4 But before we dive into the world of photovoltaics, I would

first like to introduce the field of “solar energy” with a rather wide scope.
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2 Chapter 1. Introduction

1.1 Why Solar?

If we stop to think about it, in our biosphere, there is actually very little that is not at all

related to the energy of the sun. From oceanic currents and algae blooms, to the washing down

of mountains and the densest forest growth, most of the energy that we use as living beings

comes directly or indirectly from the sun.5

We could argue that one of the most important steps for life on this planet has been mastering

the art of capturing the sun’s energy. Our little friends, the cyanobacteria, discovered how to

harvest its enormous power (probably by mistake) over 2.3 billion years ago, and, even though

we might have gotten a little rustier ever since, that discovery radically changed the energy

landscape for life on Earth.6 No longer did we depend on chemical gradients or non-renewable

redox reactions to obtain energy, life had tapped a much bigger energy source, which led to a

rapid growth in the variety, size and amount of species, on a scale the Earth had never seen

before and would never see again.7 Sadly, humans do not share close common ancestors with

photosynthetic species, so we had to go through different routes to harvest sunlight energy. At

first, through wild plants, by oxidizing their sugars and obtaining chemical energy to survive,

and later through a more concentrated source of solar energy, animals; warehouses that store

sunlight in the form of high-energy-density fat, which they had garnered for years from other

living organisms.

Probably, the uttermost crucial leap of humankind was to realize that we could systematically

extract the power of the sun in a much more efficient way, by planting high solar conversion

efficiency crops in a field. These crops provided easily storable excess energy, promoting human

task specialization and leading to the agricultural revolution, which can be considered the first

time solar energy was systematically harvested by humans on a large scale.8 Besides, with this

extra energy, we could feed domesticated animals to perform all sorts of different tasks that

were too energy demanding for humans alone, unleashing humanity’s thirst for energy.9 Some

centuries later, humans began exploiting solar energy unknowingly in the form of wind, using
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it as an energy source for a variety of applications, from pumping water or grinding grain to

sailing through the oceans, propelling humanity to a whole new stage, globalization. At the

same time, we started extracting the solar energy that powered rivers and creeks, using sawmills

and gristmills to build even larger ships and produce even more food.

This sustainable energy consumption continued until humans discovered the biggest solar energy

reserve we could ever imagine unveiling: coal; rediscovering the easiest and most efficient way

to gather and amass solar energy, plants. The only difference this time was that the entire

energy harvesting process had already been occurring in the past, for millions of years,10 ending

up in a beautifully concentrated form for ourselves to enjoy. It seemed almost too good to be

true, a constant high-power density energy source that was just there, lying on the ground

waiting to be extracted. An energy source that could be directly fed into our furnaces and our

steam locomotives, to travel the world faster and manufacture goods with better quality than

ever before, all the while keeping us warm in the winter.11 Could this get any better? Yes, it

could. With the arrival of gas and oil around one hundred years later, civilization growth simply

exploded.12

These ancient solar power reserves fueled, and continue fueling up to this day, unprecedented

economic and human growth. From the beginning of the industrial revolution, we have experi-

enced an incredible 700% increase in the world population,13 and even with a slowing growth

rate, there are 83 million more humans each year as a direct or indirect result of fossil fuel

consumption.14, 15 But, of course, things that are too good to be true do not last forever, and we

scientists, are usually the first to come ruin the party, a task that comes with the job, I suppose.

It did not take long until all the disadvantages of fossil fuel burning were made apparent. These

include, but are not limited to, environmental pollution,16 related to severe health problems,

acid rain,17 water contamination,18 land degradation,19 ocean acidification20 and the most feared

of them all, climate change.21

All these problems are not intrinsically difficult to revert,22 our only job is to, once again, change

the way in which we extract energy from the sun, or find a completely alternative energy source
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altogether. Of course, being an intelligent species, we are already working on that direction,

having devised plenty of alternative mechanisms to extract the power of the sun, like wind power

turbines, hydroelectric power stations, or biomass incineration facilities.23–25 On the other hand,

we have also invented completely new ways of producing energy, such as extracting Earth’s

interior heat with geothermal power plants, or the Moon rotational kinetic energy with tidal

power.26,27 We have even discovered how to extract energy from dead stars, by bombarding the

ultra-heavy atoms formed during their death, billions of years ago, releasing the energy stored

in their atomic nucleus.28 We could even say that nuclear energy is one of the most bizarre

forms of solar power, especially because that power does not come from our own sun.

While all these power generation methods are really interesting, they all come with certain

disadvantages: All of them involve moving parts, except in very specific scenarios;29 Nuclear

Fission Power plants produce radioactive waste that must be safely managed and buried for

thousands of years;30,31 Hydropower plants have a huge impact on the ecosystem and massive

construction costs,32 as well as huge CO2 emissions during construction, arising from the

extensive use of concrete, a problem they share with Nuclear Fission Power plants;33 Biomass

plants also emit a significant amount of CO2, as well as polluting aerosol particles related to

the burning of organic matter...34 You see where I am going with this, they all have some flaws.

However, maybe the major drawback is that, in one way or another, most of them are extracting

power from the sun in an indirect, and oftentimes inefficient, manner. That is not to say these

energy generation solutions should not be further explored, but they will most likely have to be

complemented with a more general and direct sunlight energy extraction method.

My humble opinion is that, if we want to systematically extract the maximum amount of

sunlight energy with the highest possible systemic efficiency, the simplest logical way would

be to directly convert what we receive from it, light, into what we use to power our society,

electricity. Trying to do so in the most efficient and direct method we can, without intermediate

steps or complicated systems, led us to the development of the field of “solar energy”, more

specifically, the part within the scope of this work: Photovoltaics.
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1.2 Photovoltaics

Photovoltaics is defined as the conversion of light power into electrical power by making use

of the photovoltaic effect. “Photovoltaic” is a term composed of the Greek word φωζ (phos),

meaning light, and the word volt, from the name of first electrical battery inventor Alessandro

Volta.

The field of photovoltaics has two main general applications. On the one hand, the photovoltaic

effect is used as a method for generating electrical power, using solar cells to convert the

sun’s energy into electricity, which can be used to power anything from industrial processes

and transportation, to air conditioning or cooking in residential areas.35 On the other hand,

photovoltaics is applied in photosensing applications, where a photodetector is used to detect

light in a wide variety of scenarios, from everyday optical communications to brain imaging.36

1.2.1 Solar Cell

A solar cell is a device that is able to efficiently convert light energy into electrical power by

making use of the photovoltaic effect. This effect consists in the excitation of a charge carrier

(usually an electron) to a high energy excited state, triggered by photon absorption within a

material, followed by charge carrier extraction. To extract charge carrier energy in the form of

electricity, the charge carrier has to remain in an excited state until it reaches our load, where its

energy is released and turned into useful work. Semiconducting materials are an ideal candidate

for this purpose, because of the combination of their energy level band gap and their good

electrical conductivity, which results in long charge carrier diffusion paths, enabling excited

charge carriers to escape the material before releasing its energy.37 This is as opposed to metals,

where charge carrier relaxation is almost immediate,38 and insulators, where charge mobility is

too low for efficient charge extraction.39 Because of this, solar cells are conventionally made

out of semiconducting materials, with a series of different electrical property layers, engineered

to maximize excited charge carrier extraction, thus maximizing light power conversion. These
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Figure 1.1: Semiconductor Band Diagram illustrative model, representing electron and elec-
tron hole transport within their individual energy states, represented as little wells, or shelves,
and how these energy states become the valence and conduction bands, with the energy band
gap separating them.

cells are usually grouped together in electrically connected modules, to further enhance electric

power extraction, forming a solar panel.40

To understand semiconductor solar cells, it is really useful to use an energy band diagram

model (Figure 1.1). This conceptual model represents the different charge carrier energy levels,

occupied and available, within a semiconductor. A material is classified as a semiconductor when

there is an arbitrarily small gap (usually below 3 eV) between the occupied and the available

energy levels, referred to as the band gap. Other material categories include conductors, where

there is no band gap, or insulators, where the band gap is larger than that of semiconductors.

The collection of available energy level states is referred to as the conduction band, whereas the

collection of occupied energy level states is referred to as the valence band.

In this model, electrons move through the conduction band and the valence band, while

positively charged nuclei stay in place. However, due to the high occupation of the levels in the
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Figure 1.2: Semiconductor Band Diagram illustrative model, representing electron and elec-
tron hole relative band occupation, and how this occupation determines the type of non-intrinsic
semiconductor, either n or p.

valence band, it is easier to track the movement of the positively charged “electron hole” rather

than the sea of electrons that surrounds it, similar to how it is easier to track an air bubble,

than to trace the movement of every individual water molecule around it. This analogy is

more useful than it might seem because, in band diagrams, electrical potential energy increases

linearly with the vertical axis, similarly to gravitational potential energy with height, making

the correlation between water and electrons really visual, with electrons (water) trying to “fall

down” and holes (bubbles) trying to “raise up”.

Efficient solar cells usually consist of a semiconducting junction between two materials with

different electron chemical potentials or Fermi levels (Figure 1.2). When placed in close

contact, their dissimilar chemical potential induces charge diffusion, where electrons and holes

fill newly available energy states, which results in a bending of material electronic bands

(Figure 1.3), generating an electric field present throughout the different Fermi level material

interface. This charge flow continues until the chemical potential difference is balanced by

coulombic attraction, creating a region within the semiconducting material depleted of free
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Figure 1.3: Semiconductor Band Diagram illustrative model, representing the electrical union
between a p-type and an n-type semiconductor, forming a p-n junction. Electron and hole
concentration gradient diffusion, and subsequent recombination, generate a semiconducting
region without free charges called charge depletion region.

charge carriers, which effectively becomes an insulator for the majority carriers, conveniently

called the charge depletion region.

Figure 1.4: Electron-hole pair (exciton) forma-
tion in a semiconducting p-n junction, promoted by
photon absorption. Subsequent exciton diffusion,
charge depletion region electric field assisted exciton
dissociation, and free charge carrier generation.

When a photon is absorbed within the semicon-

ducting material, its energy is transferred to

an electron that gets promoted to the conduc-

tion band, leaving a hole in the valence band.

These two charge carriers are spatially bound

together by coulombic forces that form what

is called an exciton, which is able to diffuse

through the semiconductor without any net

charge transport.41 If this exciton reaches the

depletion region, the present electric field can dissociate the electron-hole pair, extracting the

minority carrier, and converting the exciton into free charges that contribute to the photogener-

ated current (Figure 1.4). Otherwise, the electron will relax to the available energy level in the

valence band, “filling the hole” in a process known as charge recombination.42
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1.2.2 Equivalent Circuit

To model solar cells and to gain a more intuitive understanding of their working mechanisms, it

is useful to create an equivalent circuit that simulates their electronic behaviour, by representing

them with a combination of basic electrical components, which are easier to analyze.43 The

equivalent circuit of a solar cell, in its simplest form, consists of a current source (Jph), a diode

(D) and two resistors, the shunt resistor (Rsh) and the series resistor (Rs) (Figure 1.5).

Figure 1.5: Basic circuit schematics represent-
ing the different electrical behaviour contribu-
tions on a solar cell, represented as different
simple electronic components.

The current source, the diode and the shunt resis-

tor are connected in parallel, with the series resis-

tor connected in series on the output of the circuit.

The combination of these four simple elements ac-

curately represents the electrical response of most

solar cells, simplifying their general performance

analysis. Each of these four elements represents a

component of solar cell electric behaviour, which

results from different, and often multiple processes occurring within the solar cell.

The current source is perhaps the most accurate analogy, representing charge generation

and flow within the semiconducting junction, induced by impinging photons.44 Parallelly,

the shunt resistor represents non-rectifying current leakage losses, encompassing all possible

electrical paths between the solar cell contacts, from pinholes within the active layer to poor

electrode insulation. On the other hand, the series resistor represents all possible ohmic losses,

which arise from the non-zero resistance of every electrical circuit component comprising the

solar cell. The diode is maybe the most unintuitive component, representing the rectifying

behaviour of most solar cells, while sometimes including other factors such as voltage dependent

charge recombination.45 Even if its behaviour is somewhat unintuitive, the presence of a diode

in the solar cell equivalent circuit can be expected, with most solar cells being based on some

sort of semiconducting junction, i.e. a diode.
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1.2.3 JV Curve

In basic solar cell characterization, there are six main parameters that are used to accurately

describe its general performance.46 These figures of merit are easily extracted from a JV curve,

which is the most recurrent graph in solar cell characterization, obtained by sweeping the voltage

between the electrodes of the solar cell and measuring the resulting current flowing into and

out of the cell (Figure 1.5).47 A useful way to understand the results of this voltage sweep

is to create a mathematical model, which relates cell electrical response with the solar cell

equivalent circuit and its underlying principles. By applying the superposition principle to

said circuit, where we combine the electrical behavior of every separate component in a linear

system, we can define an equation that describes the current-voltage characteristics of a solar

cell (Equation 1.1).48,49

J(V ) = −Jph + J0 ·
(

e
q(V +J·Rs)

nkT − 1
)

+ V + J · Rs

Rsh

(1.1)

This equation relates the current density across a solar cell (J), with the voltage difference

between its leads (V ), taking into account both photocurrent generation (Jph), as well as the

various loss mechanisms related to series (Rs) and shunt (Rsh) resistance, and rectifying diode

losses driven by the reverse saturation current (J0), the junction temperature (T ) and the

ideality factor (n). Note that the Jph term is negative because the photocurrent is coming out

of the device, with the electrical meter having to apply a positive voltage to counteract it.

With the help of this equation, it becomes much clearer how to optimize the multiple parameters

involved in solar cell efficiency. Intuitively, to obtain the best performing solar cell, Jph needs to

be maximized, while reducing resistive and rectifying losses, by having the lowest Rs and J0

possible, while increasing Rsh to the maximum. Based on a purely mathematical view, a higher

ideality factor could lead to higher cell performance. Nevertheless, the latter is strongly related

to the reverse saturation current through charge recombination, so it cannot be easily increased

without increasing the saturation current, resulting in lower overall efficiency.50
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Figure 1.6: Figures of merit represented within
the JV curve (black). JV-power curve (brown),
with the MPP square (green) and the maximum
FF square (light brown).

As previously stated, six figures of merit can

be extracted from a JV curve, which are intrin-

sically related to the working principle mech-

anisms of solar cells.47 The first two figures

of merit are the easiest to extract, being the

points at which the curve crosses the X and

Y axis (Figure 1.6). These two points are the

Open Circuit voltage (Voc), which is measured

where the current coming out of the cell is

zero (open circuit), and the Short Circuit cur-

rent density (Jsc), measured when the voltage between the device leads is zero (short circuit).

These two figures of merit represent the maximum voltage (Voc) and current (Jsc) output

capabilities of a solar cell, hence they need to be maximised to increase efficiency.51 It is worth

noticing, however, that at these points, the solar cell is not supplying any power, since in both

scenarios either the voltage or the current is zero.

Figure 1.7: JV curve representing the current-voltage response of a solar cell, and different
individual JV curve points with the current, voltage and power direction.
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The third figure of merit, the Fill Factor (FF), is an easy visualization of the “squareness” of

the JV curve, which is also directly related to the maximum power output, and hence maximum

solar cell efficiency. To calculate the FF we need to find the Maximum Power Point (MPP), a

point in the JV curve where solar cell power output (J · V ) is maximum (Figure 1.6). At this

point we calculate the square area relation between the maximum possible FF (Jsc · Voc) and

the MPP square to obtain the FF.

Two less relevant figures of merit that are intrinsically related to the FF, are the Rs and Rsh,

which, as we have seen before, are related to non-rectifying loss mechanisms. To calculate

these two parameters, we can either fit Equation 1.1 to the measured JV curve and extract the

resulting parameters, or we can approximate by fitting the slope of the JV curve around the Voc

point to get Rs, and around the Jsc point for Rsh (Figure 1.8). As discussed above, in order to

maximize efficiency, we need to reduce resistive and leakage losses by having a low Rs and high

Rsh.

Finally, the most important figure of merit of any solar cell is its Power Conversion Effi-

ciency (PCE), which relates the maximum electrical power output with incoming irradiance.46,52

This parameter is directly dependent on Voc, Jsc and FF, divided by the incoming light power

density (Equation 1.2), being the single most direct indicator of solar cell performance.

Efficiency = Voc Jsc FF

Irradiance
(1.2)

In solar cell characterization, it can be really useful to get an intuitive understanding of how

different equation parameters affect the shape and location of the JV curve. As an example, we

can see in Figure 1.8 how a higher Jph displaces the curve downward without affecting the curve

shape, resulting in a directly proportional increase in Jsc and a slight increase in Voc. Otherwise,

both Rs and Rsh affect the shape of the curve by modifying the slope around the Voc and Jsc

points, which has a direct influence on the FF.
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Figure 1.8: Different JV curve examples, with variations
on the main equation parameters and their effect on the
shape and location of the resulting current-voltage curve.

On the one hand, high Rs values modify

the slope around the Voc, strongly reduc-

ing Jsc. This is because, with no current

coming out of the cell, there are no re-

sistive losses (Vloss = I · Rs), leaving

the Voc unaffected by this loss mecha-

nism. On the other hand, low Rsh val-

ues, being related to current leakage, will

strongly affect the Voc by changing the

slope around the Jsc. That is because,

under short-circuit conditions, there will be no voltage across the solar cell leads, and hence no

driving force for current leakage. Other parameters in the equation are too inter-dependent to

assess their behaviour with this simple mathematical model.

1.2.4 Quantum Efficiency

Up until this point, we have been focusing on the pure electrical behaviour of a solar cell.

However, photovoltaic device performance is also greatly dependent on the properties of the

light they absorb. Quantum efficiency relates photovoltaic performance with the single most

fundamental property of light: its colour.

The quantum efficiency of a solar cell indicates the basic relationship between the number of

incoming photons and the number of outputted electrons, i.e. light induced charge generation effi-

ciency, without taking into account the energy of neither photons nor electrons (Equation 1.3).53

This parameter can be divided into: the Internal Quantum Efficiency (IQE), which only takes

into account photons absorbed in the device; and the External Quantum Efficiency (EQE),

which takes into account the total number of incoming photons. In this thesis, we will focus

on EQE characterization because it is easier to perform than IQE, while providing similar

information.
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Figure 1.9: EQE curve resulting from the different
charge generation efficiencies at various wavelengths
within a solar cell

To measure EQE values, the solar cell

is short-circuited with an ammeter to

measure the current while illuminating

the cell with, ideally, a monochromatic

light source.53 In reality, we use a very

narrow bandwidth light source to illumi-

nate the solar cell, measuring the input

light power and output Jsc as a func-

tion of wavelength (Figure 1.9), later

calculating the photons/electrons rela-

tionship from these two variables with

Equation 1.3. The resulting value is expressed as a percentage, with EQE values almost always

below 100% (Equation 1.4), where values as close to 100% as possible are desirable. In uncon-

ventional cases, very rare in solar cells, it is possible to have EQE values greater than 100% in a

photovoltaic device, either by multiple exciton generation or by applying a reverse V bias to a

photomultiplier.54,55

EQE(λ) = # electrons (λ)
# photons (λ) =

(
current (λ)

electron charge

)
(

Irradiance (λ)
P hoton Energy (λ)

) (1.3)

% EQE(λ) = 100 · Jsc(λ)(Am−2)
Pph(λ)(Wm−2) · 1240

λ(nm) (1.4)

The optimal EQE curve shape is a perfect square with values of 100% in the entire wavelength

range above the semiconductor band gap energy. However, real EQE curve shapes are strongly

dependent on various parameters such as material absorption spectrum, charge recombination

or the absorption distribution along the photoactive layer.56 Perhaps unintuitively, too high of

an absorption at a given wavelength can decrease EQE values, because of an uneven charge

generation along the active layer, resulting on higher charge recombination and lower overall

device performance.57
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1.2.5 Photodetectors

Photodetectors are defined as devices able to detect and/or measure the presence of light.58

There is a wide variety of photodetectors and photodetection mechanisms, like photothermal

sensing,59 where a device converts light into a temperature variation, or photochemical sensing,60

where a chemical reaction takes place only in the presence of light. We can accept, however,

that the most widely adopted photodetection mechanism nowadays is photoelectrical sensing,

where a material changes its electrical characteristics with the presence of light.61 Because of its

widespread adoption, in this work we will center our attention on this photosensing mechanism.

Furthermore, even though general operating principles are similar amongst photoelectrical

sensing devices, this thesis will be further focused on photodiodes, which are the only type of

photodetector within the scope of this work.

A generic photodiode behaves essentially the same way as a solar cell, where two semiconducting

materials with different Fermi levels are connected to form a rectifying junction.62 Photons

absorbed within either semiconducting material will generate excitons that, when reaching the

depletion region, will become free charges, contributing to photocurrent generation. Depending

on the photodiode operation mode, these free charges will be actively extracted, will generate a

current, or will accumulate, building up a voltage in the process.63

Operation Modes

Photodetectors can be operated in two modes depending on the presence or absence of an exter-

nally applied electric field through the photovoltaic device, respectively named photoconductive

and photovoltaic mode (Figure 1.10).

In the photovoltaic mode, the photodiode has no external voltage bias, operating in exactly

the same manner as a solar cell.64 In this operation method, the sensor does not require an

external power supply, making it an interesting solution for low power devices.65
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Figure 1.10: Photodiode operation regimes depending
on the external applied bias, with a photocurrent response
proportional to different levels of increasing light power
(P0, P1 and P2)

In this mode, the photodiode can be op-

erated in two electrical regimes: The

first one consists in measuring the volt-

age output of the photodetector either in

open circuit conditions, or with a high

impedance load through the contacts.

On the other hand, the most common

photodetector regime in the photovoltaic

mode, consists in measuring the current

output in a short circuit condition. This

regime is the most used because in photo-

voltaic devices, the photogenerated cur-

rent is, within a certain range, directly

proportional to incident light intensity

without any gain factor, making the photodetector output signal directly proportional to light

intensity.66 An added benefit of operating the photodetector in this regime is that the dark

currents can reach extremely low levels, greatly reducing the noise in the photodetector.67

Even if the photovoltaic mode is regularly used in some applications, the most widespread

implementation of photodetectors, and especially that of photodiodes, is the one we call

photoconductive mode.68 In this mode we apply a reverse bias through the photodiode to

increase the depletion region width. A wider depletion region increases the effective volume at

which excitons can dissociate, leading to more efficient charge extraction and lower recombination

probability, making the photodetector more sensitive to light. At high enough V bias, however,

in most photodiodes all the generated charges are being extracted and further increasing the

electric field no longer results in a signal increase.69

As an added benefit, the increase in depletion region width leads to a lower capacitance, caused

by the wider insulating depletion region, a scenario analogous to the separation of conductive

plates in a capacitor, which decreases photodetector response time, increasing its bandwidth.70,71
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This operation mode has some drawbacks, however, such as the increased dark current related

to bias proportional current leakage, and the subsequent lowering of the signal-to-noise ratio,

resulting from an unfavorable relation between dark current and photocurrent increase with

increasing reverse V bias.72

1.2.6 Figures of Merit

The various aspects of photodetector performance can be described by a wide variety of

Figures of Merit. In this section, we will limit the discussion to the ones used for photodiode

characterization within this thesis.

The figure of merit that provides the highest amount of intuitive data in one graph is the

spectral responsivity, which gives us information about the light-to-electricity conversion

efficiency at each wavelength.73 This measure is closely related to that of the quantum efficiency,

but while the latter is expressed as the electron/photon generation ratio, the spectral responsivity

is expressed in amperes per watt, or the current generated for each unit of illumination power at

each specific wavelength. This basic change in terms of units provides photodetector end users

with a more intuitive way of assessing photodetector electrical performance right of the bat,

without the need for any extra calculations. As an example, typical silicon photodetectors under

no externally applied field can reach spectral responsivities of 0.7 A W-1.74 We must say that

the spectral responsivity is strongly dependent on externally applied electric fields, especially in

the case of low mobility or high light intensity regimes.75

Another important figure of merit is photodetector dark current, especially on detectors

operated in photoconductive mode.76 This parameter includes all sources of current that

are independent of light such as background radiation, thermally induced currents, and the

saturation current of the photodiode. Being light independent, dark current is one of the major

sources of noise in a photodetector, heavily enhanced by externally applied fields and high

junction temperatures.76 In order to achieve a good signal-to-noise ratio, it is in our best interest

to minimize the dark current as much as possible. This parameter can vary widely depending
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on the specific photodetector type, shape and size, but general silicon photodetectors have dark

currents in the range of nA to pA cm-2.77

The response time is a figure of merit defined as the time it takes for a photodetector to react

to an optical stimulus.78 More specifically, it is the result of adding up the time duration of each

individual stage of the entire chain of processes that occur during photodetection, from photon

absorption to charge extraction.∗ These processes can be affected by higher diode resistance

and capacitance, which can further increase overall response time.78 Photodetector response

time will dictate the frequency range at which it can operate, determining its signal modulation

bandwidth, which is critical in some applications such as optically based communications.81

Response time is highly variable depending on the specific application, ranging from sensors

that take milliseconds or even seconds to respond, to the fastest commercial photodetector, with

rise times on the order of several dozen picoseconds.82

The last Figure of Merit we want to discuss is the Linear Dynamic Range (LDR), a measurement

of the range of light power intensity where the photodetector exhibits a linear response.83 This

Figure of Merit is a dimensionless unit, expressed in dB, that defines the light power range from

the noise equivalent power, the lowest signal a photodetector can detect under some specific

conditions, to the light power level above which the photodetector response stops being linear.

In the case of organic photodiodes, this figure of merit is not usually reported, but reported

values can range anywhere from 50 dB up to 100 dB.84

There are other important figures of merit used to define photodetector performance, such as

noise equivalent power (NEP), junction capacitance, or detectivity, which are outside the scope

of this work.

∗According to the Shockley–Ramo theorem, charges do not need to migrate completely in order to induce a
current. This theorem states that the current induced in the electrodes arises from the instantaneous change of
electrostatic flux lines that end at the electrode, not so much by the total number of charges that reach the
electrode.79, 80
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1.3 Organic Photovoltaics

Organic Photovoltaics (OPV) is the field that studies the use of semiconducting organic

polymers and small molecules for the conversion of light into electrical power through the

photovoltaic effect.

The field of organic photovoltaics has been developing within the field of solar energy conversion

since the beginning of the 20th century.85 However, in recent years, it has gained a lot of

interest due to the multiple advantages that OPV devices present when compared to other

technologies. These devices promise lower costs86,87 and great scalability potential,88,89 while

being lightweight,90 flexible,91 and solution processable (Figure 1.11).92 Aside from their potential

application in conventional solar power plants,93 these properties open a whole new range of

possibilities for solar cell integration in unconventional applications, such as in architectural use,94

curved surfaces95–97 or even fabric materials.98 The fact that they are also potentially disposable

and have a low environmental impact99 makes them an even more interesting alternative for

general integration in all kinds of applications.

Figure 1.11: Picture of a large-scale roll-to-roll OPV
module based on P3HT:PC61BM.

If we combine all this with the chemical

flexibility inherent to organic molecules,

organic solar cells have the potential to

be a cost-effective alternative in photo-

voltaic applications.100 With molecular

engineering, we can chemically tune the

organic materials that compose the or-

ganic active layers, to alter their bang

gap or absorption coefficient,101, 102 as

well as their processing characteristics

to further optimize organic photovoltaic devices from every possible perspective.103 One of

the main advantages of organic materials used in OPV is that they exhibit extremely high
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absorption coefficients, meaning that a large amount of light can be absorbed using very little

material.100 On top of this, they can also be fabricated in a semitransparent configuration,

with which we can cover anything from windows in cars and buildings,104–107 to greenhouse

roofs.108 With such semitransparent devices, we can generate power while letting some of the

light through, for both aesthetic and functional purposes.

Organic solar cells, however, are still far from perfect. Their main disadvantages include:

lower efficiencies when compared with inorganic or hybrid materials;109 low stability and

substantial photochemical degradation;110, 111 and the widely adopted use of non-eco-friendly

solvents in their current manufacturing processes.99 Nevertheless, the scientific community is

putting a lot of effort into tackling these problems, in order to make organic photovoltaics a

suitable alternative within the field of solar energy.

1.3.1 History

The history of organic photovoltaics begins at the turn of the 20th century, when A. Pochettino

first observed photoconductivity on anthracene, a simple organic molecule consisting of three

conjugated carbon rings.85, 112, 113 In the following years, a general interest in the photovoltaic

effect in semiconducting materials kept growing amongst scientists. The increasing efficiency of

inorganic photovoltaics, powered by semiconductor doping, helped it branch off from inorganic

photoconductivity and develop into a new field. On the other hand, the lack of a deep

understanding of the working principles of organic solar cells, combined with their extremely

low efficiencies, kept further research in organic photovoltaics at a stall. That was until, in

1986, Tang developed the bi-layer structure, consisting on an electron donor and an electron

acceptor, better described in the following sections, which raised the existing efficiency record

by a factor of 10, bringing it up to 1%.114 The great efficiency of this bi-layer structure led to

the conclusion that exciton separation in organic semiconductors was much more efficient in the

donor-acceptor interface.114–116 Nonetheless, the low charge mobility of organic semiconductors

still posed a compromise between active layer thickness and charge extraction.117 This limitation
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was somewhat mitigated with the bulk heterojunction architecture, which provided the active

layer with an interpenetrating network of donor-acceptor regions that greatly increased the

material interface area, while maintaining short exciton-interface distances.118, 119 With the

development of uncountable new organic semiconducting polymers and this new architecture,

Heeger, Brabec and co-workers calculated that bulk heterojunction organic solar cells could

potentially reach the 10% energy conversion efficiency mark.120 However, since most of these

devices were based on a polymer:fullerene architecture, the main focus of the scientific community

was on developing low band-gap polymers to increase overall light absorption.121 Mainly because

fullerene light absorption is weak in the visible and near-IR,122 where terrestrial solar intensity

is at its greatest. Nicolaidis et al. went as far as measuring the contribution of PCBM to the

overall efficiency on a P3HT:PCBM solar cell, and found it to be as low as 13% of the total

efficiency.123

It was not until the advent of Non-Fullerene Acceptors (NFA) that the field of organic

photovoltaics started to compete with the major commercially appealing photovoltaic fields such

as silicon and perovskites. After a lot of development, these small molecules ended up boosting

the efficiency of organic solar cells significantly above the 10% mark, reaching efficiencies of

16% in 2019,124 breaching the 15% target that is generally considered necessary for commercial

applications.125 Non-fullerene acceptors have become widely adopted due to their reduction

in Eloss and their strong absorption peaks in the NIR region, which allow polymer absorption

to be more focused in the visible range, where conventional polymers already have better

absorption coefficients.121 The most recent development, at the time of writing, are the so called

ternary and quaternary blends, which consist in the combination of three or four materials

within the bulk heterojunction.126 The theory behind this architecture states that by staggering

the HOMO-LUMO of various materials, a concept we will discuss in further sections, we can

optimize charge extraction and minimize Eloss even further, achieving efficiencies of up to

18%. Current NREL certified efficiencies in organic ternary blends (18.1%)127 are not far from

record performing inorganic and hybrid solar cells such as silicon polycrystaline (23.3%) and

monocrystaline (26.1%) or perovskite (25.5%) solar cells.128 Besides, in recent years OPV
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efficiencies have been rapidly growing, with tandem configurations reaching up to 19.5% certified

efficiencies,129 making them an interesting candidate to help on the task of solving the present

and future energy crisis and climate change.

1.3.2 Working Principle

Organic solar cells share the same general working principle as previously described solar

cells, where photon absorption within the semiconducting material promotes an electron to

an excited state, creating an electron hole pair, and by splitting this electron hole pair at the

semiconductor interface, a photocurrent is generated.

Figure 1.12: (a) HOMO-LUMO band diagram formation
from the individual pz hybridization energy states between
carbon carbon atoms, and the multiple bonding and antibonding
molecular orbitals arising from polymerization. (b) Conjugation
in conductive polymers, with its electron transport mechanism.

However, being composed of dif-

ferent organic molecules instead

of big homogeneous crystals, one

of the defining characteristics of

organic solar cells is the unusual

mechanism by which they con-

duct electricity. The semiconduct-

ing polymers and small molecules

that compose such cells, exhibit a

great degree of conjugation within

their chemical structures, where

carbon atoms bond in an alternat-

ing single-double bond configura-

tion (Figure 1.12 (b)). This bond

distribution leads to the delocalization of their pz orbital electrons, forming two new molecular

orbitals, a bonding π orbital and a π* antibonding orbital, which correspond to the Highest Oc-

cupied Molecular Orbital (HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO),

respectively (Figure 1.12 (a)).130 In organic semiconductor physics, the HOMO is usually
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equiparated to the valence band, and the LUMO to the conduction band, even if their behaviour

is not exactly the same. This relation is extrapolated to correlate the HOMO-LUMO energy

difference with the band gap of organic semiconductors.131

In organic semiconductors, an exciton can be seen as an excited molecular state, with an electron

in the anti-bonding molecular orbital and a hole in the bonding molecular orbital. This excited

state is usually confined either within an individual molecule or a small region in a polymeric

chain. However, because of the high molecular conjugation, this exciton is able to travel around

the polymer chain or the small-molecule crystal, tightly bound by electrostatic forces, until it

either recombines or it is separated into free charge carriers.132

Figure 1.13: Energy level difference between HOMO-
LUMO levels of electron donor and electron acceptor
materials, with the resulting Voc losses and the maximum
achievable Voc.

In order to efficiently separate the gen-

erated electron-hole pairs, two organic

semiconductor materials with different

electron affinities are placed in close con-

tact, forming a heterojunction that gen-

erates an electric field capable of splitting

excitons apart.133 Nonetheless, tuning

the individual energy levels of each com-

posing material remains an important is-

sue in the world of organic photovoltaics,

since energy level difference must be high

enough to break excitons apart, but not excessively high to prevent huge Voc losses.134 The

semiconducting organic materials that comprise the heterojunction are referred to as the elec-

tron donor, for the one with the higher HOMO and LUMO energy levels, and electron acceptor,

for the one with the lower HOMO and LUMO levels (Figure 1.13). Note that electron affinity is

band gap independent.

Although excitons can form either in the donor or the acceptor, in organic semiconductors,

exciton dissociation mainly occurs on the donor-acceptor interface (Figure 1.14), due to the
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strong exciton coulombic attraction, caused by highly localized electronic wave functions.135

Before reaching the donor-acceptor interface, the electron-hole pair can recombine at any given

time, losing all its energy without contributing to the photogenerated current. As a result, it is

really important to separate the exciton as fast as possible to lower recombination probability.136

Figure 1.14: Charge generation and extraction process
in a bulk heterojunction organic solar cell, with the most
possible recombination processes.

Even after the exciton reaches the donor-

acceptor interface, charges may still be

bound in what we call a charge transfer

electron-hole pair or geminate pair, be-

coming an intermolecular state.137 This

pair still needs to completely dissociate

for the charges to become free charge

carriers, able to diffuse towards the elec-

trodes to contribute to the overall photo-

generated current. The efficiency of this

process will be a major driving factor in

determining final solar cell efficiency.138 Being a coloumbically bound state, this charge transfer

exciton can recombine at any time in a process known as geminate pair recombination. This is

in opposition to non-geminate pair recombination, where free charges in the semiconducting

material recombine with other free charges at the donor-acceptor interface, a phenomenon

especially pronounced in higher efficiency materials.139

Finally, charge mobility within the semiconductor usually plays a crucial role in determining

device efficiency.140 In case of insufficient charge mobility, free charges will have difficulties

reaching the electrodes and will instead end up in trapped states, eventually recombining, or

opposing the flow of newly generated charge carriers. Relative charge carrier mobility is also

really important, since unmatched electron and hole mobilities lead to a condition we refer to as

space-charge limited photocurrent (SCLP), where the photocurrent is limited by the material

with the lowest mobility in the photoactive blend.141
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1.3.3 Active Layer Semiconductor Junctions

The active layer is usually composed of a semiconducting material blend where photons are

absorbed, and it can have a variety of structures that determine the ultimate efficiency of

the photovoltaic device. As we have seen in Section 1.3.1: History, there has been a logical

evolution in organic active layer architectures that has led to the current highly competitive

OPV efficiencies.

Figure 1.15: Different organic solar cell active layer
architectures, with either one single homogeneous mate-
rial, forming a homojunction (a), or a combination of
two materials in a planar heterojunction (b), and a bulk
heterojunction (c).

The first and simplest structure consists

of a planar homojunction, where a homo-

geneous semiconductor is sandwiched in

between two electrodes, oftentimes with

different work functions (Figure 1.15 (a)).

This work function difference creates a

weak electric field along the semiconduc-

tor, which will be the main driving force

for exciton separation.142 The main dis-

advantage of this architecture is that,

due to the low mobility of organic semiconductors, the solar cell active layer needs to be thinner

than the exciton diffusion length, for the electron-hole pair to reach the contact and dissociate,

leading to really low photon absorption. Combining this fact with the extremely weak electric

field generated by the different work function electrodes, which is seldom sufficient to dissociate

an exciton, results in organic devices with extremely low efficiencies below 1%.142 When metal

work functions are similar, homojunction architectures rely on the Schottky rectifying properties

of semiconductor metal junctions to promote selective charge extraction.143

The next logical step is to improve exciton splitting efficiency within the semiconducting

material, by creating a semiconducting junction with two dissimilar electronic affinity materials,

generating an electric field at the material interface strong enough to effectively split electron-hole
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pairs.114 The presence of two electrically dissimilar materials (donor and acceptor), distributed

in a flat sequence, led to the name: planar donor-acceptor heterojunction (Figure 1.15 (b)).

Nevertheless, even with dramatically higher electric field strengths, and subsequent exciton

dissociation efficiency, exciton diffusion length in this architecture is still rather small, resulting

in a low maximum active layer thickness and low light absorption, which limits overall device

performance.143, 144

Bulk Heterojunctions (BHJ) were conceived to mitigate the problem of short exciton diffusion

length.118 This type of junction consists of a partially intermixed blend of donor acceptor

materials with domain sizes of the order of nanometers (Figure 1.15 (c)). These nanoscopic

domains result from partial phase segregation within the blend, during solution deposition, which

leads to an increased donor-acceptor interfacial area. The larger donor-acceptor area, evenly

spread throughout the bulk of the heterojunction, reduces exciton-interface distance, resulting

in increased exciton dissociation efficiency, even with short exciton diffusion lengths. Shorter

exciton-interface distances allow for thicker active layers, without sacrificing exciton dissociation

efficiency, increasing light absorption in the photoactive layer, leading to higher-efficiency

devices.119

It is possible to use more than two materials in a bulk heterojunction, resulting in a concept

called ternary blend, where a third material is added to provide better exciton dissociation

capabilities, which results in generally higher efficiency, currently holding the record certified

efficiency in single junction devices at (18.1%).127

Bulk heterojunctions are usually manufactured with solution processing techniques, such as

those described in the next Chapter 2.1: Organic Solar Cell Fabrication, by simultaneously

depositing the donor and the acceptor thoroughly mixed in solution.92 Oftentimes, an additional

annealing step or solvent additives are needed in order to form or enhance the interpenetrating

network structure.145, 146 Even if these processes are difficult to accurately control and reproduce,

they remain crucial for high organic solar cell performance.
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In the literature several other more complex junction types have been reported, such as graded

heterojunctions, with a donor-acceptor concentration gradient along the active layer thickness,147

or continuous junctions, which change the electrical properties of a one material junction to

change its behaviour from donor to acceptor or vice versa.148 Nevertheless, explaining such

complex junction types is beyond the scope of this thesis.

1.3.4 Architectures

The active layer of organic solar cells is usually sandwiched between a pair of charge trans-

port interlayers, which have been proven to improve charge carrier extraction through various

different working principles.149 In the particular case of this thesis, we focused on the use of

charge selective layers, which are capable of selectively conducting one type of charge carrier

while blocking the other, through a clever arrangement of their conduction band and work

function, and a favorable mobility ratio of charge carriers. These layers are usually separated by

their specific charge carrier conductivity, being grouped into Hole Transport Layers (HTL), for

those that preferentially conduct holes, and Electron Transport Layers (ETL), for those that

preferentially conduct electrons.

The resulting layer stack, including the active layer and the two charge selective layers, is

further sandwiched by two electrodes, with at least one of them being commonly transparent

to ensure light reaches the active layer. The transparent electrode is usually made of either

conductive glasses such as ITO or FTO, or gridded electrodes, to provide a certain level of

transparency.150, 151 Depending on the relative position of all these different layers, we talk about

a conventional architecture or an inverted one.

The conventional architecture uses the transparent electrode as the anode, or the positive

electrode. On top of the transparent electrode, we deposit HTL, which selectively conducts

holes towards the anode, while preventing electron flow (Figure 1.16 (left)). On top of the HTL

the active layer is deposited, followed by the ETL. This layer prevents holes from reaching the

top negative electrode, ensuring that only electrons can reach the cathode. On top of the ETL,

a low work function metal such as aluminium or calcium is deposited, forming the cathode.152
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Figure 1.16: Layer stack in a typical organic solar cell,
with either a conventional or an inverted architecture,
with swapped charge transport layers.

On the other hand, the inverted architec-

ture has the same layer stack structure

but upside down, as the name implies,

swapping places between the two charge

selective layers (Figure 1.16 (right)).

This architecture tends to offer longer

lifetimes than the conventional one, be-

cause of the better electrode corrosion

resistance of higher work function metals such as silver or gold,153 as opposed to lower work

function metals such as aluminium and calcium.154

In both architectures, the energy level alignment of all the different layers is carefully engineered,

so that electrons and holes can reach their respective electrodes efficiently without losing too

much energy in the process.



Chapter 2

Materials and Methods

Abstract

This chapter describes the general procedures used in the fabrication and characterization

of the various devices manufactured within this thesis. More specifically, it focuses on solar

cell fabrication and characterization, including used materials, manufacturing techniques, and

characterization equipment. Special emphasis is placed on the modified solution-process tech-

niques developed within our group, used to manufacture both extremely thick active layers

and devices with a thickness gradient in the active layer. The latter is especially advantageous

for the manufacturing of a wide range of active layer thickness within one device, resulting in

reduced material usage and accelerated device optimization. On the other hand, this chapter

also describes the procedures used to manufacture Nanoimprinting Lithography (NIL) stamps

and their role in solar cell and photodetector active layer nanostructuring, further discussed

in Chapter 4. Finally, the characterization section is focused on the explanation of generally

available techniques, while novel measurement procedures developed within the scope of this

thesis have been thoroughly described within their corresponding chapters.

The objective of this chapter is not to deeply instruct the reader on each process and technique,

but rather to provide them with brief explanations that can be useful in understanding unfamiliar

methods. In that regard, we have chosen to add details and explanations about most methods

and techniques used throughout this thesis, to make it accessible to wider audiences, and for

the sake of completeness.

29
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2.1 Organic Solar Cell Fabrication

In this work we have focused on devices fabricated using the inverted architecture, where the

transparent electrode is in contact with the ETL, and the top metallic electrode contacts the

HTL. However, because the general fabrication procedure is really similar in both conventional

and inverted architectures, and since we have manufactured some conventional architecture

devices during the course of this thesis, the general materials and methods will be described

independently of device architecture, except in the specific steps that are architecture dependent.

As we can see in Figure 2.1, solar cell fabrication begins with an ITO covered glass substrate

which needs to be cleaned according to the standard cleaning protocol. On top of the cleansed

ITO layer, we deposit the first charge selective layer (ETL for inverted, and HTL for conven-

tional architecture) via solution processing, using different materials and deposition techniques,

further explained in later sections according to the specific device. After the charge selec-

tive layer, a photoactive layer is deposited, also with solution processing techniques, using a

wide variety of materials specified within each chapter. In the case of nanostructured devices,

nanoimprinting lithography is performed on the active layer, either directly after deposition

or after the solvent has had time to completely evaporate. On top of these layers, the sec-

ond charge transport layer (HTL for inverted, and ETL for conventional architecture), and

the back electrode (high work function metal for inverted, and low work function metal for

conventional architecture) are deposited via thermal evaporation.

Most devices require an extra step involving the encapsulation of the entire device to prevent

environment-related degradation, as well as thermal annealing that modifies their crystalline

properties.

After a device is completely finished, it is thoroughly characterized by using a variety of

techniques that help us determine their electrical and optical performance, as well as their basic

topographical characteristics.
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Figure 2.1: Full generic organic solar cell fabrication process with both required and optional
steps clearly depicted in their chronological fabrication order.

2.1.1 Materials

Substrates

The substrates used throughout this thesis consist of a 1.1 mm thick glass slide, covered with a

100 nm ITO layer with a conductivity of 20 Ω □−1. Various substrate sizes and distributions

have been used to adapt the experiments to our specific needs (Figure 2.2).

The biggest substrate has a rectangular shape (7.5 x 2.5 cm) ever so slightly smaller than most

glass slides, and it is used as a pre-scale up substrate sourced from Ossila.155 The ITO layer

of this substrate is patterned (Figure 2.2 (Patterned ITO)), allowing us to manufacture 12

individual devices on each side of the slide, each with an active area of 8 mm2, resulting in a

total of 24 devices per substrate. We have taken advantage of this great number of devices

to accelerate our research by changing various parameters (thickness, nanoimprinting depth,

material, etc.) within one single substrate, resulting in much lower material use and faster

characterization times.
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Figure 2.2: Different substrate types used throughout this thesis with their various ITO
coverage patterns.

A slight variation on this substrate is the continuous ITO substrate, where the ITO layer covers

the entire microscope slide homogeneously.156 These substrates have been used to manufacture

continuous electrode solar cells, mainly for photocurrent mapping purposes (Figure 2.2 (Contin-

uous ITO)).

Besides these big substrates, we have also used smaller 8 pixel spin-coater-friendly substrates

in multiple experiments.157 The main difference between these and the previous ones is their

smaller pixel and substrate size, each pixel having an active area of 4 mm2, and a lower number

of pixels per substrate (Figure 2.2 (Patterned Small ITO)).

Finally, we used an additional unconventional ITO patterned device that was specifically

manufactured for the group of Koen Vandewal at Hasselt University. These substrates only had

4 pixels with an active area of 5.2 mm2 (Figure 2.2 (Hasselt ITO)).

Electrode Materials

Front electrode transparent ITO substrate coatings were 100 nm thick with a conductivity of

20 Ω □−1 for the ones provided by Ossila155–157 and a conductivity of 10-15 Ω □−1 for the ones

provided by “BIOTAIN HONG KONG” to Hasselt University.

Back electrode materials include silver (Ag 99.99% shot) and gold (Au 99.999% shot) for

inverted architectures, and calcium (Ca 99% 3 mm pieces) for conventional architectures, all

thermally evaporated from pellets provided by Kurt J. Lesker.
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Electron and hole transport layer Materials

In inverted solar cells:

Two different zinc oxide (ZnO) formulations have been used as ETL within this work: A

ZnO nanoparticle dispersion (N-10 Avantama) in isopropanol (IPA) and a ZnO sol-gel solution,

chemically synthesized in our group using the recipe described by Tiwari et al.158

The HTL was composed of thermally evaporated molybdenum trioxide (MoO3 99.9995%

powder) from Alfa Aesar.

In conventional solar cells:

The HTL was blade coated onto the substrates using a PEDOT:PSS solution purchased from

Heraeus (Clevios™ - PEDOT:PSS P VP.AI 4083). The ETL was thermally evaporated onto

the active layer using lithium fluoride (LiF) (99.85% (metal basis)) in powder form from Alfa

Aesar.

Solvents

All solvents used for the preparation of the blend solution were purchased from Merk (Sigma Aldrich).

Solvents were used as purchased, without any further purification. Used solvents were chloroben-

zene (CB) , o-dichlorobenzene (DCB), toluene and o-xylene (all being ACS reagent grade).

Solvents used for cleaning purposes such as acetone, 2-propanol and ethanol were General

Laboratory Reagent (GLR) grade, purchased from Labbox.

Active Layer Materials

The active layers fabricated during this thesis mainly consist of a blend between an electron

acceptor material and an electron donor material. All active layer materials used in this work

are commercially available, purchased from a variety of providers.
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Material Name D-A Ratio Solvent Provider
Donors:

P3HT 1 CB-DCB (Regioregular, 99.995% Mn = 30-60x103 (Merk))

PBTTT 1 CB-DCB (One Material Lot#YY7096)

PBDB-T 1 CB (One Material Lot#YY16128CH)

PBDB-T-2Cl 1 CB (One Material Lot#YY15156CH)

PBDB-T-2F 1 o-xylene (One Material Lot#MY7206CH100)

PTB7-Th 1 CB (Ossila Mw 57183 Da)

Acceptors:

PC61BM 0.8 CB-DCB (Sigma Aldrich Lot#MKBK5229V)

PC71BM 1.5 CB-DCB (Ossila >99%)

ITIC 1 CB (One Material Lot#DW3215)

O-IDTBR 1 CB-DCB (One Material Lot#DW4035P)

Y6 1.2 CF (One Material Lot#DW6034P)

ITIC-4F 1.5 o-xylene ( (One Material Lot#DW4108P)

O-IDFBR 1 CB (One Material Lot#YY12077)

EH-IDTBR 1 CB (One Material Lot#YY12076)

IO-4Cl 1.5 CB (One Material Lot#QL21061P)

COTIC-4F 1.5 CB (One Material Lot#DW7206P)

Table 2.1: Solutions were all prepared mixing a donor and acceptor at concentrations of
approximately 20 mg ml-1, with the specific material combinations included in their own
chapters. They were all dissolved in their respective solvents and stirred overnight at 80°C.

2.1.2 Cleaning

Every substrate used in this thesis was thoroughly cleaned before solar cell fabrication to ensure

proper electrical contact and wettability. The substrates were cleaned by sequentially immersing

them for 5 min in ultrasonication baths with different cleaning solutions, rinsing them with

water in between baths to minimize bath contamination. Cleaning bath solutions were, in this

order: acetone, 2% vol. Hellmanex solution in H2O, isopropanol and 10% w/v NaOH in an

aqueous solution. Finally, the substrates were dried with compressed air.

As an additional step, some substrates were treated with UV-ozone for 20 min to further

improve wettability. This whole cleaning procedure was optimized during this work, with several

upgrades being designed and manufactured to enhance cleaning procedure performance.
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2.1.3 Blade Coating Deposition

Blade coating deposition, is a solution deposition method widely used within research in the field

of organic electronics in general, and specially in organic photovoltaics,159, 160 mainly because

of its scale-up potential and because it is usually regarded as a previous step for large-scale

manufacturing.161 In this thesis, it has been used as the main manufacturing method for

depositing most of the solution processed layers in a variety of OPV devices.

In Figure 2.3 we can see a simplified sketch that depicts the typical process in a schematic way.

A droplet with a specific volume of solution is placed within the gap between the blade and the

substrate, ideally wetting both and forming meniscus on either side of the blade. Afterward,

the blade is moved forward at a constant speed by a motor, and shear forces modify the liquid

meniscus shape behind the blade. The blade motion evenly distributes the liquid along the

substrate, with the liquid layer thickness being directly proportional to meniscus volume, which

itself is proportional to blade speed. The drying process is primarily governed by the temperature

of the substrate, placed on a regulated heated platform, and air currents around the substrate,

which promote evaporation.

There have been several studies relating the resulting layer thickness with the various parameters

involved during the blade coating process.162, 163 However, from a practical point of view, blade

Figure 2.3: (a) Blade coating meniscus formation between blade and substrate after solution
deposition. (b) Blade coating working principle, with liquid film formation, solvent evaporation
and subsequent solid film formation.
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Figure 2.4: (a) Blade coating speed and liquid layer thickness relationship, related to the
appearance of liquid shear forces between blade-liquid-substrate interaction. (b) Layer thickness
gradient along a single substrate resulting from a controlled speed gradient during blade coating
deposition.

gap, cast volume and blade speed usually have the most significant effect on final film thickness,

the latter being the one with the strongest influence.

Since blade speed is one of the main parameters used to control layer thickness, in our group

Dr. Bernhard Dörling modified a commercial blade coater unit (ZUA 2000, Zehntner) by

connecting its motor controller to an Arduino, so that the blade coating motor can vary

operating speeds and accelerations within one single deposition. This variable blade speed

allows us to deposit layers with a thickness gradient, by changing the speed of the blade during

deposition, as can be seen in Figure 2.4. In this work, most thickness gradient active layer films

are cast by decelerating the blade from 99 mm·s-1 to 1 mm·s-1, during the deposition across

the entire substrate length (75 mm), to provide the widest possible thickness range.

This variable speed approach enables the characterization of material thickness-dependent

performance on a single substrate. This strategy can be applied to a wide variety of solution-

processed layers, but in this thesis it has been mainly applied to photoactive layer optimization.

In most active layers manufactured using this approach, typical thickness gradients range

anywhere from 300 to 50 nm. Nonetheless, the exact film gradient thickness is determined by

the specific solution processing parameters and the choice of donor/acceptor materials.
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Figure 2.5: Subsequent layer deposition using the same solution for the original bottom film
and the new overlaid film. The partial film redissolution aids in the formation of a seamless
bond resulting in an almost twice as thick film.

The reproducibility of such accelerated blade coating deposition was confirmed by our colleague

Dr. Enrique Pascual. By fabricating three batches of P3HT:O-IDTBR devices with the same

processing conditions on different days, he demonstrated consistent deposition thicknesses

within 5% of standard deviation, confirming the reproducibility of this novel blade deposition

method.164

One of the caveats of regular blade coating deposition is that, for typical solubility-limited

solution concentrations used in OPV, the thickness range is somewhat limited on the higher

end, where the deposition of several µm thick films remains challenging. In this work we have

developed a rather simple approach to tackle this problem where, by depositing a series of

subsequent layers, we are able to fabricate very thick homogeneous films (Figure 2.5). The

method relies on the speed relationship between film dissolution and solvent evaporation. By

blade coating a material solution on top of a dry layer made from the exact same material, if

the solution is concentrated enough and the substrate is hot enough, the solvent will evaporate

before the dry layer has time to fully dissolve, resulting in an effective stacking of the two films

with a seamless bond with good electrical properties and no layer separation. In this way, we are

able to stack several films on top of each other, achieving layers with ever-increasing thickness.

In this work, in Chapter 4, we have manufactured devices up to 8 times the maximum thickness

of a single deposition.
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The main drawback of this technique is that each subsequent film has small imperfections that

can stack up, so after many depositions, film homogeneity can be compromised. Another small

inconvenience is that any gradient generated by uneven deposition can be exaggerated after

subsequent film depositions. However, this can be easily mitigated by rotating the substrate

by 180 degrees after each deposition. Doing so prevents strong gradients from forming, while

evening out small unintentional gradients that might have formed during deposition.

2.1.4 Spin Coating Deposition

Spin coating deposition is technique that produces thin homogeneous films with a high degree

of control and reproducibility, making it the most widely used deposition technique in the field

of OPV.159 In this thesis, this technique has been used to manufacture a limited number of

devices, mainly those manufactured during my stage in Hasselt University, where blade coating

was not the main manufacturing method, encompassing the work of Chapters 6 and 7.

This technique is based on depositing a viscous fluid on a horizontal rotating surface, where

the rotating motion ejects most of the solution, leaving a thin and uniform liquid layer. The

working solution is usually composed of a solute and a solvent, which gradually evaporates,

leaving the solute behind, forming an equally uniform solid film (Figure 2.6).

Figure 2.6: Spin coating working principle depicting the major steps in the process with the
active layer thickness and rotational speed relationship through liquid shear forces.
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Common practice dictates that liquid deposition should be performed with the substrate being

static or rotating at low angular velocities, a practice we call static deposition. After the liquid

has covered the entire substrate, the latter is rapidly accelerated to a high angular velocity (spin

speed). The adhesive forces at the liquid/substrate interface and the centrifugal forces acting

on the rotating liquid result in strong sheering forces on the liquid layer, causing a radial flow

in which most of the deposited solution is rapidly ejected from the substrate. Eventually, these

two forces equilibrate, resulting in a thin liquid film, with a highly homogeneous thickness over

the entire substrate. This film is kept at a constant spinning speed to maintain film thickness

during solvent evaporation, until a solid solute film is formed, with practically no solvent left.

A variant of this process, commonly used for low-vapour pressure solvents, consists in depositing

the solution while the substrate is already spinning, a practice commonly referred to as dynamic

deposition.

Over the last several decades, a great deal of experimental work has been focused on trying to

deduce empirical correlations between experimental parameters and film thickness.165–169 The

results from these studies indicate that angular velocity, solution viscosity and solution concen-

tration are the main driving factors determining final film thickness. On the other hand, the

amount of solution initially deposited on the substrate, solution deposition rate, the history of

rotational acceleration prior to final acceleration and the total spin time have been found to

have limited to no effect.165

The generalized correlation between spin coating parameters and film thickness can be described

by the following, empirically derived, formula:165

h = k2 ηβ
0 ωα (2.1)

Where h is the film thickness, η0 is the viscosity of the deposited solution, ω is the angular

velocity, α and β are empirically found exponents and k2 is an empirically calculated constant

that is strongly related to the specific solute/solvent blend.
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In a polymer solution, liquid viscosity increases at higher concentrations in a non-linear manner.

As a result, higher concentration solutions will lead to thicker films when spin coating at similar

speeds. However, the easiest way to modify film thickness without needing to change processing

parameters is to modify the angular substrate velocity, which is directly proportional to the

centrifugal force. By tuning the shear force equilibrium, one can accurately control the liquid

film thickness, which is directly proportional to final solid film thickness. As we can see in

Figure 2.6, higher rotational speeds lead to thinner films, due to higher shear forces on the

deposited liquid.

2.1.5 Thermal Evaporation

Thermal evaporation is a physical deposition technique employed in thin film deposition for

multiple layers in organic photovoltaics.92 In this thesis, this process has been used to deposit

the metallic back electrode as well as the charge selective layer on top of the active layer.

The thermal evaporation process consists of the deposition of a target material on a substrate,

by raising the material’s temperature in a high vacuum until it starts to evaporate.170 In

the case of metals and oxides, such as the ones used in this work, this process requires the

evaporation material to be at extreme temperatures in the range of 1000°C, and really high

vacuum levels of around 10-4 Pa, because of their extremely low vapour pressures.

Figure 2.7: Evaporation masks for different elec-
trode type manufacturing, with the resulting evap-
orated electrodes on different devices (bottom).

To achieve such high vacuum levels, a combi-

nation of a mechanical and a turbomolecular

pump is used, which are capable of maintain-

ing stable vacuum levels throughout the depo-

sition process, pumping out any adsorbed gas

released during evaporation. Maintaining a

stable vacuum is crucial for proper layer depo-

sition, because a slight rise in pressure levels

can completely stall the evaporation process.
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Thermal evaporation was used to subsequently deposit the MoO3 HTL and the Ag back electrode,

at a rate of 0.05 nm s-1 and 0.1 nm s-1 respectively, through a series of custom designed shadow

masks to produce different electrode distributions depending on the specific substrate ITO

pattern (Figure 2.7). The evaporation rate for LiF was lower at 0.01 nm s-1. The thermal

evaporator used was a ECOVap from MBraun attached to a nitrogen glovebox, and the layer

thickness was measured using a quartz balance crystal. All depositions were carried out under

high vacuum conditions of 8x10-5 Pa.

2.1.6 Encapsulation

To prevent oxygen and moisture-driven degradation, in this thesis, most devices were encapsu-

lated using a UV curable epoxy resin and a glass coverslip that acted as a physical barrier for

ambient oxygen and humidity. In this way, device lifetime was significantly extended, enabling

us to perform longer measurements without excessive degradation. After encapsulation, the

most important remaining degradation driving factor was light.

Ideally, the epoxy resin used should not interact or affect the finished device in any way. However,

general device performance is lower after encapsulation, a fact that we attribute to partial active

layer blend dissolution during encapsulation, with some of the active layer components being

soluble in the uncured liquid epoxy resin. Even though the active layer is mostly protected

by the silver back electrode, epoxy resin can dissolve the uncovered regions surrounding the

electrode, partially leeching into the solar cell active layer and hindering device performance.

To increase the reproducibility of the encapsulation process, we designed small guides to align

the substrate with the coverslip, greatly increasing device consistency, and allowing for the

systematic measurement of encapsulated devices in the measurement setups discussed in the

following chapter.

The epoxy was sourced from DELO, and the type is KATIOBOND LP655. The encapsulation

slides were 0.5 mm glass cover slips sourced from Ossila.171
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2.1.7 Thermal Annealing

One of the most important properties of organic electronic devices is the morphology of the

organic layers. Polymers used in such layers consist of long chain molecules that can exhibit

a wide variety of crystalline phases, as well as a varying degree of crystallinity. Organic

photoactive layers usually consist of two different materials, a polymer and a small molecule,

which lead to a wide variety of possible crystalline states and phase segregation conditions.

The most feasible approach to control these conditions to optimize blend morphology, is to

subject the organic layers to a thermal annealing process. This process consists in raising

and lowering the layer’s temperature in controlled steps, navigating the phase diagram in the

process and modifying blend crystalline properties.172

In this thesis, a limited number of studies have focused on the effect of the annealing process

on the morphology of the active layer, further described in Chapters 4 and 5. For thermally

annealed devices, the process is performed inside of the glovebox, with a single temperature

step, heating up to a certain temperature and then cooling down to room temperature, on a

homogeneous temperature hotplate (SD162, Stuart).

2.2 Nanoimprinting Lithography

Nanoimprinting lithography consists in transferring the superficial features of a mould, or

stamp, onto a substrate of interest (Figure 2.8. In this thesis, we have focused on nanoimprinting

soft lithography to nanostructure the active layer of organic solar cells and organic photodetectors

in the shape of a photonic crystal, to enhance their absorption and performance, as further

described in Chapter 4.

Over the last decades, this process has been refined up to the point where nanometric fea-

tures (20-2500 nm) can be easily obtained with high fidelity and reproducibility.173 Its main

advantages include mold reusability, ambient processing conditions, wide area coverage, roll-to-
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roll compatibility, material independence, and the fact that the smallest possible features are

not diffraction limited, resulting in significantly lower operation and maintenance costs when

compared with traditional lithography techniques, making it a perfect candidate for roll-to-roll

OPV manufacturing.174 Because of all these advantages, NIL has been gaining popularity in

recent years, being used in fields outside conventional semiconductor industry, such as flexible

organic electronics, biocompatible materials and other experimental materials, with a variety of

applications, from solar cells and metamaterials to nanofluidics and nanoelectronics.175–178

Figure 2.8: Iridescent pattern characteristic of nanos-
tructured surfaces with lattice parameter periodicity on
the same order of magnitude as visible light wavelengths.
This iridescent pattern indicates the successful transfer of
stamp features into the organic layer.

Feature transfer is usually achieved by

placing the mould on the substrate when

its material resistance to plastic defor-

mation is low, resulting in a negative

impression of the mould shape on the

surface.174 There are multiple strategies

to lower this resistance, such as raising

the substrate temperature up to its melt-

ing point, or above its glass transition,

and applying pressure on the mold, or

even using a solvent to dissolve the sub-

strate surface before placing the mould, and waiting for the solvent to evaporate leaving the

solute with the exact mould shape.

2.2.1 Thermal Nanoimprinting Lithography

Thermal nanoimprinting lithography consists in transferring mould features onto a thermo-

plastic substrate, by pressing it against a temperature resistant mould, while heating it above

its glass transition temperature, or above its melting point, to significantly reduce its storage

modulus, making plastic deformation the main deformation mechanism.174 In this way, all the

mechanical energy imparted on the substrate material will result in a non-elastic, permanent de-
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Figure 2.9: Thermally assisted nanoimprinting lithography depicting the three very basic steps
involved in the process: (a) nanostructured stamp approximation, (b) combined pressure and
heat for layer plastic deformation, and (c) careful demoulding.

formation. Because of its simplicity in application, in this thesis, this procedure has been used

to nanostructure the active layer of most devices.

The entire process consists of only three simple steps: place the mould on top of the substrate,

apply pressure while performing a full temperature cycle, up and down, and carefully release

the mould (Figure 2.9). The last step is the most critical, where the mould needs to be carefully

removed with a gentle continuous motion to prevent damaging the newly created nanostructures.

A rapid or discontinuous demoulding leads to inconsistencies and defects in the nanostructures.

The negative features of the mould can be immediately seen along the substrate surface after

demoulding, usually as an iridescent pattern (Figure 2.8).

The required pressure strongly depends on material viscosity. For some materials, the weight

of the mould itself is enough to transfer the features to the lowest viscosity materials, while

for high viscosity materials a huge amount of force is necessary for proper feature transfer.

This technique is not suitable for materials that degrade at temperatures lower than their glass

transition temperature or their melting point, mainly because of the inability to lower their

storage modulus enough for correct feature transfer.

In this thesis, most thermal assisted nanoimprinting lithography was performed at 5x105 Pa,

with different imprinting temperatures ranging from 90°C all the way up to 200°C.
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2.2.2 Solvent Assisted Nanoimprinting Lithography

Solvent assisted nanoimprinting lithography is another variant of NIL that relies on the use

of solvents to assist with feature transfer between mould and substrate. This process takes

advantage of the chemical interactions between a solvent and the substrate material to temporally

reduce its elasticity, promoting plastic behaviour. Proper solvent removal is necessary before

demoulding to prevent the nanostructures from disappearing after mould release. In this thesis,

this process has been used in active layer nanostructuring, immediately after layer solution

processing, before the solvent has had time to fully evaporate.

The process begins by exposing the substrate material to a solvent either by directly dropping

solvent onto the substrate, by exposing the substrate to solvent vapour, by wetting the mould

itself, or by placing the mould onto the freshly deposited layer after solution processing. The

solvent weakens the molecular bonds and, as a result, the material transitions into a more

malleable phase where, by pressing a nanostructured mould onto the substrate, the mould’s

features can be accurately transferred. The pressure needs to be maintained until the solvent

is completely evaporated, in order for the substrate to regain its original stiffness. Solvent

evaporation can be assisted with artificial heating and or forced air flow, after which the mould

can be slowly and carefully removed to reveal the nanostructured substrate surface.

This NIL procedure is highly compatible with roll-to-roll solution processing techniques, where

it can be implemented immediately after solution layer deposition, before the layer is completely

dry. In this thesis, most solvent-assisted NIL has been performed immediately after blade

coating, on freshly deposited partially wet layers. To enhance the reproducibility of this

technique, we developed a small accessory guide for the moulds to be precisely located during

the nanostructuring.
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2.2.3 Stamp Fabrication and Architecture

The nanostructuring moulds, or stamps, used throughout this thesis are made with a curable

silicone called Polydimethylsiloxane (PDMS), used because of its variable stiffness properties,

chemical inertness, and really good feature reproduction fidelity. All stamps are exact repro-

ductions of a “Master Stamp”; a high precision nanostructured silicon wafer that is fabricated

using interference lithography. The reproduction procedure consists of several replication steps,

using different materials to reduce the interaction with the delicate “Master Stamp”.

The process begins with master stamp silanization, covering the silicon with a single molecule

thick layer of perfluorooctyl-trichlorosilane, which acts as a release agent, preventing the silicone-

based replica from covalently bonding to the master. To make sure this layer is as thin as

possible, after exposing the master to a vapour of perfluorooctyl-trichlorosilane, we rinse it with

acetone and heat it up to 150°C to fully evaporate the remaining acetone. We replicate the

silanized using a thin layer of UV curable OrmoStamp® resist, which after cured over a glass

substrate, following the preparation instructions, serves as a high resistance intermediate stamp

for further reproduction.179 This photocurable polymer resist has a really high young modulus

(650 MPa), suitable for replicating fine structures with high aspect ratio and with excellent

mechanical stability, but excessively stiff and brittle for repeated use with thermal NIL.

These OrmoStamp® masters are then replicated with a “hybrid mould” PDMS architecture,

which consists in a combination of a thin layer of high stiffness (hard) PDMS, and a thick

layer of low stiffness (soft) PDMS (Figure 2.10). This architecture takes advantage of the high

stiffness of hard PDMS, to accurately replicate the nanostructures onto hard materials, and

the conformality and deformation of soft PDMS, to ensure an intimate contact between stamp

and substrate during the process, and to act as a backbone for the brittle hard PDMS, limiting

crack formation and stamp degradation with use. Because they are made from the same base
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Figure 2.10: Different PDMS type stamps: Hard PDMS, which is brittle but can penetrate
without problem into most active layers, even those with a high young modulus. Soft PDMS,
which is really resistant to breakage but can be easily deformed by materials with high young
modulus. Hybrid PDMS, which combines the best of both worlds, with a high young modulus
thin layer of hard PDMS and a robust thick layer of soft PDMS that serves as a backbone.

material, the two different layers form a strong bond that can easily withstand normal operating

conditions and repeated workload cycles.

Hybrid moulds are prepared in two steps: first, we mix the ingredients for hard PDMS, which

are vinylmethylsiloxane and hydroxyl siloxane, the polymer precursors, Platinum(0)-1,3-divinyl-

1,1,3,3-tetramethyldisiloxane, the catalyst to cure the resin, 2,4,6,8-tetramethylcyclotetrasiloxane

a reaction modulator, and some toluene to lower the viscosity of the mixture and ensure

proper reproduction of the features. The resulting liquid is carefully poured over the silanized

OrmoStamp® master, forming a thin bubble-free layer that is cured at 60°C for one hour. While

this is curing, we prepare the soft PDMS backbone by mixing SYLGARD 184 elastomer base

with its curing agent in a 10:1 ratio, thoroughly degassing the mixture. Once the hard PDMS

cures, we pour the soft PDMS mixture over it, completely covering the OrmoStamp® master

and set it to cure at 60°C for 3 hours in the oven. After the soft PDMS is completely cured,

the OrmoStamp® master is carefully demoulded from the hard PDMS, leaving behind a solid

stack of thin hard PDMS on top and thick soft PDMS on the bottom, which can already be

used as a nanostructuring stamp.
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2.2.4 Stamp Feature Depth

The described fabrication method allows us to obtain nanostructured stamps with a variety of

lattice parameters, determined by the silicon master, with a constant feature depth of around

300 nm. In this thesis, however, we required different nanostructuring depths, as further

explained in Chapter 4, so my colleague Dr. Molet developed and optimized a reproducible

process that uses reactive ion etching to obtain stamps with variable feature depth.

Figure 2.11: Variable depth master mould fabrication
with SU-8 layer on silicon substrate acting as a nanos-
tructured mask. SU-8 covered regions are not affected
by RIE, while exposed silicon regions are etched in pro-
portion to the etching time, resulting in different depth
nanostructures.

This process consisted in transferring the

desired features back onto a silicon sub-

strate, by covering it with a thin layer

of photocurable resin (SU-8) and nanos-

tructuring it with a PDMS stamp with

the desired features. After curing the

resin, the silicon substrate was etched

for different amounts of time using re-

active ion etching, a highly directional

etching technique, resulting in new “sili-

con master” moulds. These silicon masters had the same nanostructure lattice parameters as

the PDMS stamp, but a variety of feature depths, proportional to etching time. These were

used to fabricate new shallow nanostructure PDMS stamps, used to nanostructure the polymer

layer blends used in Chapter 4.

2.3 Device Characterization

To assess the performance and fundamental characteristics of our devices, a variety of charac-

terization techniques have been used throughout this thesis. The main purpose of this section

is to very briefly describe the working principle of the different techniques, and to specify the

equipment used in each measurement. They are arbitrarily separated between electrical charac-
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terization, where we majoritarily evaluate device performance and electrical characteristics, and

optical and topological characterization, where we mostly evaluate device morphology and its

light interaction characteristics.

2.3.1 Electrical Characterization

The main techniques used to electrically characterize our devices are JV curves, which measure

the current density of our device at different voltages; External Quantum Efficiency (EQE)

curves, which measure the photons to electron conversion efficiency of our devices; Light Beam

Induced photoCurrent (LBIC) maps, where we can evaluate the local performance of a solar cell

at several positions creating an effective efficiency map; and Transient Photodiode Response,

where we evaluate photodiode speed performance.

JV Characterization

In our lab, JV curves have been measured using a custom-made semi-professional JV characteri-

zation setup, consisting of a demultiplexing board in combination with a LabVIEW application,

which have been fully developed under the umbrella of this work (further described in Chapter 3).

This setup is connected to a Keithley 2400 source meter that performs high precision current

and voltage measurements. To illuminate our devices, we have used a solar simulator (XES-100S,

SAN-EI Electric) under AM 1.5G (Air Mass 1.5 Global) and 1000 W m-2 illumination. Being

AAA class, this solar simulator guarantees a homogeneous illumination area of 10 x 10 cm,

which has proven to be extremely useful to characterize all our different devices, which measure

up to 7.5 cm long. The solar simulator was calibrated before each experiment to ensure the

measurement reliability, using a certified reference silicon solar cell (Oriel, Newport).

In this thesis, JV curve measurements have been one of the main performance characterization

methods, being widely used in every chapter.
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External Quantum Efficiency

External quantum efficiency measurements have been performed on a custom-made semi-

automated experimental setup, with an associated LabVIEW controlling Software, fully devel-

oped under the umbrella of this thesis (further described in Chapter 3). This experimental setup

is coupled to a supercontinuum laser light source and a computer-controlled monochromator

(LLTF contrast, Fianium), which is further filtered to provide a continuous spectral range. With

this setup, we are able to illuminate the sample with light ranging from 400 nm to 1100 nm, a

range which can be further extended into the infrared by changing the monochromator. Current

measurements were made with a Keithley source meter 2450.

EQE measurements have been the other main performance characterization method used

throughout this thesis, which have been combined with JV measurements to assess solar cell

and photodetector efficiency in every chapter.

LBIC Maps

Figure 2.12: Light Beam Induced photoCurrent Map
generation by scanning a laser beam focused with a mi-
croscope objective throughout a sample, while recording
the photocurrent at each point.

Light Beam Induced photoCurrent

(LBIC) maps are a really useful tool to

assess the localized performance of opto-

electronic devices. To obtain such maps,

the optoelectronic device is illuminated

with a concentrated light spot, around

50 µm in our case, that is swept over

the whole sample, while measuring the

generated photocurrent at each point.

In this way, we obtain a photocurrent map of our entire device that shows the distribution of

light power conversion efficiency along the entire photoactive layer (Figure 2.12). This procedure

is usually performed using either monochromatic or white light. However, in this work, we have

modified an existing setup, connecting it to the supercontinuum/monochromator source, so that
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we can illuminate the sample with any desired wavelength. As a result, we have been able to

measure the performance distribution of various devices at very different wavelengths, as can be

seen in Chapter 4.

LBIC measurements were performed using an experimental setup assembled within our group,

mainly consisting of parts bought from Thorlabs. As stated before, the illumination source

was the supercontinuum laser light source and a computer-controlled monochromator (LLTF

contrast, Fianium), while the sample was moved using Thorlabs motors (25 mm Low-Profile

Motorized Translation Stage) and the current was measured using a Keithley Source Meter

2400. The entire setup was controlled using custom-made LabVIEW scripts developed within

our group.

Transient Photodiode Response

To characterize the transient photodiode response, which can be seen in Chapter 4, we slightly

modified the existing EQE setup by placing a mechanical chopper in the laser light path,

which temporally interrupted the photodiode illumination, allowing for an easy control of both

illumination rate and wavelength. To characterize such fast responses, we used a Teledyne

Lecroy WP804HD brand oscilloscope, which measured the voltage drop on a 50 Ω resistor

connected across the leads of the device being characterized.

2.3.2 Optical Characterization

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared spectroscopy (FTIR) is a fast and reliable way to obtain the

absorption spectra of a sample. This spectroscopic technique differs significantly from the more

conventional “dispersive spectroscopy”, where the sample is illuminated by one wavelength

at a time, and we measure how much light is absorbed at each wavelength over a defined

range. The main advantage of FTIR spectroscopy is that we shine the sample with light
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containing multiple wavelengths and we measure how much light is absorbed. After the first

absorption measurement, the instrument changes the wavelength combination of the incoming

beam and repeats the absorption measurement. This process is rapidly repeated many times

over a short time span, while a computer takes the resulting interferogram and, by applying a

Fourier Transform, it calculates the absorption of the sample at each wavelength. The various

wavelength combinations used in this technique are the result of a combination between a

broadband light source, which covers the entire spectrum to be measured, and a Michelson

interferometer.

To perform most of the absorption spectra obtained throughout this thesis, we measured

both transmission and reflection spectra using a Bruker Vertex 70 FTIR spectrophotometer

attached to an optical microscope (Bruker Hyperion). The microscope allowed us to accurately

position the sample within the measuring spot. The spectra were recorded using a 4x objective

with numerical aperture (NA) of 0.1, for both emission and collection, having a spot size of

400 µm2. The wavelength range of every measurement was from 400 nm to 1100 nm. Reflectance

measurements were normalized against a calibration silver mirror and a clean glass slide for the

transmission measurements.

Integrating Sphere Spectra

An integrating sphere is an optical device that is used to quickly and reliably measure reflectance

and transmittance spectra. This element consists of a hollow, highly diffusive sphere, with

lateral holes used as input and output ports, which scatters the incoming light to remove spectral

directionality components. This is the main differentiating factor between FTIR and integrating

sphere measurements performed in this work, where the integrating sphere captures all the

scattered light, while the FTIR captures only the light scattered in the collection cone of the

objective.

There are two main measuring modes: Transmittance, where the sample is placed on the light

input port, filtering the incoming photons, with every other port plugged with highly diffusive
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plugs, which results in a transmission spectrum; and Reflectance, where the sample substitutes

one of the output ports, reflecting only a certain photon fraction, resulting in a reflection

spectrum. The reflection spectrum is normalized to that of a highly diffusive white material,

which is considered to be 100% reflective, while the transmission spectrum can be normalized

with any material, such as a glass substrate, by first measuring its transmittance and then using

it as the background signal. This characterization method allowed us to measure the reflectance

and transmittance spectra of several active layers of organic solar cells discussed in Chapter 4.

To perform the integrating sphere measurements, we used an ISP-REF Integrating Sphere

coupled with a tungsten-halogen light source and a Flame spectrometer (Ocean Optics) through

two optic fiber cables, all being controlled with the spectroscopy software OceanView.

2.3.3 Topological Characterization

To study the surface and thickness of our devices, we used two of the most common techniques

in material sciences, Scanning Electron Microscopy and Profilometry. These techniques give us

insight into the surface topography, the layer thicknesses, and the coating conformality of our

devices, among other information. Besides, Dr. Edgar Gutiérrez Fernández and Dr. Jaime Martín

(Polymat) have performed both GIWAXS and GISAXS on some of our samples, characterizing

active layer blend morphology.

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a really versatile technique that provides close to

nanometric resolution of a sample surface topology. This technique is based on accelerating elec-

trons, collimating them into a beam and focusing the beam on a sample of interest. These

accelerated electrons will interact with the sample in different ways depending on the angle

between the beam and the sample and its composition. By using different kinds of detectors, we

can extract information about these interactions, and construct different images that provide

topology and compositional information about the sample.
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In Chapter 4, SEM has been extensively used to analyze the nanostructure topology and to

assess the conformality of the different layers in our devices. We used a Quanta FEI 200

FEG-ESEM 53 electron microscope. For metal coated or fairly conductive substrates, we have

used the high vacuum mode (10-3 Pa) and voltages ranging from 10 to 15 KV. In the case of

poorly conductive substrates, such as PDMS, low vacuum conditions with a 60 Pa water vapor

atmosphere and voltages form 5 to 10 KV were used, to minimize the aberrations caused by

surface charge build-up.

Contact Profilometry

Contact profilometry is another useful technique that provides information on the surface

topology with a really high resolution. The main working principle is not that different from a

record player, where a needle is gently moved in close contact over a substrate surface, with a

very small contact force, causing the needle to be deflected by any change in surface topology

as it moves through the substrate. This needle deflection is then transduced into an electrical

signal, which can be directly related to the relative height of the sample along the needle

path. This technique is able to scan features with almost nanometric vertical resolution and

sub-micrometric lateral resolution.

Figure 2.13: Profilometry layer thickness mea-
surement, using a slit inscribed on the center of the
layer, through which the fine tip of a profilometer
is swept to measure the layer thickness.

In this work, we have mainly used profilome-

try to determine the thickness of the various

layers within our device. The easiest way to

determine layer thickness is by extracting a

profile cross section through a step in the layer,

which we artificially create by either deposit-

ing layers with a gap in the deposited material,

or by sharply scribing a gap (Figure 2.13), resulting in a slit on the layer to be measured. The

equipment used was a KLA Tencor D-500 profilometer. Measurements were performed with a

diamond tip, placed in contact with the substrate applying a 0.03 mg contact force, and slowly

scanning the sample at 0.1 mm s-1 along a specified line. This technique has been extensively
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used throughout Chapter 4 and 5, to relate deposition conditions with final layer thickness, and

to perform correlation studies between active layer thickness and final optoelectronic device

performance.

Grazing Incidence X-Ray Scattering Characterization

Grazing incidence X-ray Scattering is a characterization technique that consists in shining

an X-ray beam on a substrate at a very low incoming angle (grazing incidence) to limit light

scattering to the superficial regions, making this technique highly surface sensitive. By operating

close to the film’s critical angle, the evanescent wave established on the film decreases fast enough

to guarantee that the signal is coming only from the topmost layer, with a penetration depth

on the order of nanometers. That is why this technique is widely used in thin film morphology

characterization. The main limitation of this technique is that, by projecting the beam onto

the surface at really low angles, even relatively collimated beams exhibit wide beam footprints,

limiting local resolution. As an example, a 50 µm beam at 0.1° incidence has a beam footprint

of 28.6 mm, a spot 573 times bigger than the original.

This technique is further subdivided in Grazing Incidence Wide Angle X-ray Scattering

(GIWAXS) and Grazing Incidence Small Angle X-ray Scattering (GISAXS), where their main

Figure 2.14: Basic detector sample distance relationship difference in GIWAXS and GISAXS.
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difference is the angle of diffracted light captured by the detector. There is no universally

accepted border between these two regimes, but in general GIWAXS focuses on detecting the

entire scattering angular range by placing the detector close to the sample, while GISAXS is

focused on detecting weakly scattered X-rays, with the detector far away from the sample.180 The

main difference between these techniques is the length scale they are probing, where GISAXS is

used to determinelong range order in morphology, with smaller diffraction angles, and GIWAXS

being more involved in probing atomic and molecular distances in crystal lattices.

In this thesis, both GIWAXS and GISAXS have been used to characterize temperature dependent

active layer morphology of devices manufactured in Chapter 5. The measurements, data

processing and interpretation were fully performed by Dr. Edgar Gutiérrez Fernández and

Dr. Jaime Martín.

GIWAXS experiments were carried out at NCD-SWEET beamline at ALBA Synchrotron

(Barcelona). The samples were measured in a grazing-incidence geometry, placing the beam

at an incident angle of 0.12° to probe the total volume of the film. The energy of the beam

was 12.4 keV (λ = 0.1 nm) with exposure times of 1 s. The patterns were taken with the

WAXS LX255-HS detector (Rayonix), placed at 20 cm from the sample position, using pixels

of 88.5 x 88.5 µm2. The 2D pixel maps were transformed into q-space and integrated using a

self-made MATLAB script and pyFAI package of Python.

More info: https://www.cells.es/en/beamlines/bl11-ncd

GISAXS measurements were performed at SAXS beamline, at Elettra Sincrotrone (Trieste,

Italy). Thin film samples were measured using an incoming X-ray beam at an incident angle

between 0.12° and 0.15° and exposition times of 10 s. The wavelength of the X-ray beam was

λ = 0.154 nm (E = 8 keV). The patterns were taken using a Pilatus 1M detector (Dectris),

with a pixel size of 172 x 172 µm2, placed at 1200 mm from the sample. 2D pixel maps were

transformed into q-space and integrated using a self-made MATLAB script.

https://www.cells.es/en/beamlines/bl11-ncd


Chapter 3

Automation in OPV Characterization

Abstract

This chapter is focused on the development of experimental setups that accelerate, systematize,

and automatize the characterization of various optoelectronic devices within our group. This

subject is of great interest because it increases the quality and reliability of our work, besides

greatly reducing the time and effort involved in the entire characterization process.

The scope of this chapter is to provide insight into two complementary solar cell characterization

experimental setups, developed and optimized during this thesis: a solar cell automated

demultiplexer, embedded in a JV characterization setup, and a robotic EQE measurement

setup. The first one consists of a demultiplexing printed circuit board (PCB) that automatically

connects the multiple cells of one substrate to the source measure unit (SMU) through a single

BNC connector, to enable noise free, fast and accurate JV measurements. This is combined with

a LabVIEW-based application, which coordinates the PCB with the SMU, while processing all

the data and generating a complete report with ready-to-present results.

The second setup is a robotic EQE measurement system, consisting of a supercontinuum laser

and a monochromator, which provide a wide wavelength operation range, in combination with

an XZ stage that places our pre-scale up substrate solar cells on the laser spot for their EQE

characterization. This is combined with the previous demultiplexing board, in order to contact

each cell during the EQE measurements, and a powerful piece of LabVIEW software that

orchestrates the entire operation.

57
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These setups are designed to be easy to assemble, reliable and to have a low cost, by using

readily available parts combined with affordable manufacturing techniques, so that they can be

easily implemented in different environments.

3.1 Pika JV Characterization Setup

Most organic solar cell manufacturing within our group is done keeping process scalability in

mind, by using scalable roll-to-roll compatible techniques such as blade coating combined with

pre-scale up substrates, which are bigger than common spin coater glass substrates (75 x 25 mm

long vs typical less than 25 x 25 mm). These bigger substrates allow us to quickly evaluate the

effect of different solar cell fabrication parameters (compositional studies, annealing temperature

gradients, thickness gradients, horizontal tandems, etc.), requiring much fewer substrates. This

is achieved by combining our gradient manufacturing approach, which varies a given parameter

along the length of a substrate, with discrete electrode deposition, which allows us to sample

our substrate at different points, resulting in solar cells with a range of values for that given

manufacturing parameter.

The main problem with such substrates is that the increased number of cells per substrate

easily adds up, increasing characterization time and human error significantly. As an example,

a regular fabrication batch consists of up to 8 scale-up pixelated substrates, resulting in a total

of 192 cells manufactured in just over two days. Characterizing such a batch manually used to

take at least 6 h of continuous manual measurement, plus around 8 h of raw data processing

and reporting, amounting to almost two days of work only for cell characterization. Besides, the

reproducibility of connecting the substrate ITO contacts through nickel-plated alligator clips is

far from the best, with frequent poor connections leading to open circuit cells that need to be

remeasured.

One of the best ways to increase the reliability and efficiency of this process is by implementing

some degree of measurement automation. In that regard, we have developed a solution consisting

of two main parts that take control of both the measurements as well as the data processing.
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Figure 3.1: Pika demultiplexer board (v3.0) as seen from the top (a) with a solar cell placed
on the custom 3D printed holder, and from the bottom (b), with the demultiplexing relays, the
Arduino microcontroller and the BNC connectors for the signal and signal ground.

These are: A custom PCB with an automated multiplexing unit and a custom 3D printed cell

holder, which is perfectly adapted to our pre-scale up substrates to increase connection reliability

(Figure 3.1). And a JV characterization and data processing software tool with report generation

capabilities, to perform all measurements, calculations, and generate pertinent reports.

The combination of these two solutions resulted in a great reduction in the required characteri-

zation time and effort, with an 8 device batch taking only 1 h of characterization plus 8 minutes

of report generation, representing a reduction in the characterization time of approximately

92%. This setup does not only accelerate the pace of our current measurements, but it allows us

to be much more ambitious with our experiments, giving us the ability to measure more samples

within a given time interval. Additional advantages include: reducing the amount of time the

solar simulator lamp needs to be on, resulting in lower energy consumption and degradation;

increasing cell connection reliability, thanks to its gold-coated pogo pins, which perform much

better than nickel plated alligator connectors; easier data integration into databases, thanks

to the standardized and automatic data processing; and finally, being automatic and remotely

actuated, it allows for the sample to be measured on inaccessible locations.
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Most measurements involving pre-scale up substrates have been performed on different versions

of this setup. In addition, this setup has seen good adoption within the group, with most group

members using it exclusively for their measurements, as a consequence of its ease of use and

reliability. Both the demultiplexing board and the JV characterization software have been fully

developed within the scope of this thesis, undergoing a continuous optimization process through

several iterations, during which the demultiplexing board has been further adapted to many

other experimental contraptions.

3.1.1 Circuit Design

The Pika demultiplexer PCB is based on a multiplexing binary tree that can separately connect

each individual cell contact to a common signal output connector. This binary tree consists in

a sequence of bistable relays sequentially arranged, which demultiplex the different cell signal

channels into one single output, to be connected to the source meter (Figure 3.2).

Our specific relay tree consists of 23 relays (TQ2-L2-5V) connected on 5 different levels, which

allow us to control the entire relay tree with just 5 binary inputs, one for each level. However, as

Figure 3.2: Binary tree depicting the interconnection of every individual cell to the signal
output through binary connections, with each of the 5 levels being controlled by an individual
input.
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the name implies, bistable relays have two stable states, so they require an additional negated

input that actuates the relay to reset its state.

Instead of resetting every single relay on each cell change, to lengthen relay contact lifetime, we

added an individual reset input for each relay level to reduce the number of reset cycles. As a

result, the setup requires the use of 10 binary inputs, instead of 5, to control the 23 different

relays. Such low requirements in terms of power output and number of logical inputs make this

system ideal to be operated by a simple, small and cheap controller, such as an Arduino.

Figure 3.3: Pre-scale up
substrate cell naming con-
vention.

Using mechanical relays instead of any of the available solid-state

alternatives results in a perfectly ohmic, non-rectifying electrical

connection between the sample and the source meter unit. This

allows for the measurement of a great variety of devices operating

in any of the four power quadrants, both in alternating and direct

current (AC and DC) regimes, and with a wide current range of up

to 1 A, the maximum rated current for these small relays. At the

same time, these relays provide a really low ON resistance connection

of less than 50 mΩ, a value much lower than the typical series

resistance of our devices (∼ 200 Ω), while allowing for high-frequency

measurements without any major signal distortion.

The resulting relay tree circuit (schematics found in Appendix A: RAINBOW), is controlled

with 5 digital inputs and their respective negated signals, which can be thought of as 5 input

bits. Such a system can have up to 32 binary states, some of which are redundant in our

specific case due to the unbalanced nature of our binary tree (Figure 3.2). Each possible binary

state sets the relays so that an individual cell is connected to the “Signal Out” BNC connector,

which is itself connected to the source meter. The individual cells, or pixels, are arbitrarily

labeled according to their location within the substrate, following a well-established protocol

(Figure 3.3). In order to electrically connect to a given cell, we have a cheat sheet with all

the possible binary combinations and the resulting cell connections (Figure 3.4 (c)). As an
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Figure 3.4: Binary tree cell selection operation with two different connection exaples, (a) for a
connection to R.03 and R.04 (b), together with the cheat sheet that relates every possible state
with the resulting cell connection (c).

example, if we want to select pixel number R.03, we will need to set our relay layers to, from

top to bottom, 11101 (Figure 3.4 (a)). If, after cell R.03, we want to select cell R.04 (11100), we

only need to reset relay level 5, instead of resetting the entire relay tree (Figure 3.4 (b)). This

operation mode greatly reduces the number of relay cycles, thus increasing their lifetime and

reducing power consumption.

The main advantage of such a simple controlling strategy is that this multiplexer board can be

controlled by any controller unit capable of outputting 3.3 V or 5 V logical signals. In our case,

we have chosen to use an Arduino Nano, a cheap open source microcontroller with serial port

connectivity capabilities, which allows for PC-microcontroller communication, compatible with

almost any programming language. Being fully programmable, this microcontroller provides

us with a high degree of tunability, resulting in an easy and fast optimization of our operation

procedure.
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3.1.2 Hardware

In order to connect the demultiplexing circuit to our pre-scale up substrates, we designed a

custom 3D printed holder, printed with Polylactic acid (PLA), with spring loaded gold plated

pogo pins (Mill-Max), which provide a good electrical connection between the cell contacts and

the circuit board (Figure 3.5).

Figure 3.5: Exploded view of the Pika demultiplexer board (v3.0) with the most relevant
components highlighted.
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Figure 3.6: Pika demultiplexer board
old version (v2.5 and earlier) lid clamp-
ing mechanism, relying on a snap lock
with a press fit junction released with
cantilever action provided by the com-
pliance of the 3D printed piece itself.

The optimized version of this setup (v 3.0) consists of

a 3D printed holder (8) with a socket for the substrate,

with two lines of pogo pins (5) on each side. A lid (2)

with a flexible 3D printed gasket (3) is secured against

the main holder using screw-on hand knobs, sandwiching

the substrate (4) and clamping it firmly against the pogo

pins, providing a great electrical connection with the

circuit (7). The flexible 3D printed gasket guarantees

conformal contact, avoiding the formation of high stress

points and cracks when the substrate is tightly clamped.

Earlier versions of this setup rely on snap fits for substrate

clamping, but they are not fully reliable and prone to

wear (Figure 3.6).

Figure 3.7: Gold plated spring loaded pogo pin
cell contact and ground electrical interconnection,
to increase electrode resistance homogeneity along
the substrate.

The specific ITO pattern of the pre-scale up

substrates requires alternating pogo pin con-

nections, where the odd pins connect the com-

mon ground ITO electrode with the ground

signal BNC connector, while the even pins

connect to each of the individual cells (Fig-

ure 3.7). Connecting the same ground ITO

electrode in between each cell contact ensures

a minimum resistance path through the com-

mon ground ITO electrode, with a high degree

of contact resistance homogeneity along the

entire substrate.

In early versions of this setup, this entire holder was directly soldered onto the PCB for a strong

mechanical connection. This is achieved by pressing a hot header pin through the PCB, into the
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Figure 3.8: Chronological evolution of the previous versions (before v3.0) of the Pika demulti-
plexer board.

3D printed part, locally melting it in the process, while firmly clamping the 3D print against

the PCB. When the header pin cools down, the 3D print solidifies and contracts against the pin,

forming a tight bond that is mechanically stable. This clamping solution is more versatile than

other adhesive solutions such as epoxy and glue, because it offers a high degree of repairability.

However, in the latest version (v - 3.0), 3D prints are directly screwed onto the PCB, a solution

that provides the highest clamp force and the best repairability, besides being the easiest to

implement.

There have been 3 major versions of this hardware, with minor versions in between (Figure 3.8),

which have continuously added functionalities and fixed bugs, providing higher measurement

reliability and better overall user experience with every iteration. The first version, the

original crude prototype, was hand crafted in our facilities using the solar simulator as our

photolithography light source. As we can see in Figure 3.8, the result is functional but with

plenty of room for improvement, relying on a poorly connected external Arduino for control

and without any signal shielding. The second PCB version was professionally made by the

company JLCPCB, with on-board Arduino integration, as well as the addition of alternating

ground contacting pins and several extra connectors for temperature and light sensing, with

alternating pogo pins fully implemented in v 2.5.

The most recent board revision (v 3.0) has undergone significant fundamental changes, including:

Relay controlling transistors, which handle the switching of the relays reducing controller power

output requirements; Common signal ground line, completely separate from the board ground
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Figure 3.9: QR
code to access the
repository with all
3D files for the
Pika demultiplexer,
as well as PCB
manufacturing and
project files.

to minimize noise in high accuracy measurements; Two separate BNC

connectors, one for “Signal” and one for “Ground Signal”, to further

minimize noise; Switch onboard buttons, for manual circuit operation;

External power supply option, to power the relays with either the on-

board Arduino or a completely separate power supply to further reduce

the microcontroller power requirements; Self-test functionality, to check

the connection of each cell separately in a fast and reliable manner; Drilled

holes for mounting screws; External header pins, for easy external control

either 3.3 V or 5 V logic; Substrate labels, to clarify correct substrate

orientation; Aesthetic labels with the logo of our group; Online documentation, with all the

fabrication files and schematics as well as a QR code link (Figure 3.9).

3.1.3 Pika Demultiplexer Firmware

The firmware used to control the Pika demultiplexer board is a relatively simple application

written in C++. The 500 lines of code are specifically programmed for Arduino, being extensively

documented so that anyone, even with little to no knowledge about any programming language,

can more or less understand what each part of the software is doing.

Figure 3.10: Operation flux diagram of the Pika demultiplexing firmware run by the Arduino
to control the demultiplexing board.

As we can see in Figure 3.10, the firmware operation can be broken down into several parts,

the most important of which include: The Start Code, the Get Command, through the serial

interface, and the Analyze Command, with the command handling. The start code is just

a formality that initiates the serial communications between the Arduino and the main PC,
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where the Arduino identifies itself by sending the following string of characters: "Arduino

Multiplexer Pika". In this way, any software connected to the Arduino can tell it apart

from other connected instruments during automatic instrument detection.

After a successful start and correct identification, the Arduino goes on to the next step, where

it waits for a serial command. Once it receives a command, it proceeds to the next step where

the command is analyzed and executed.

In the analysis phase there are 4 possible outcomes: If we send a valid label, for example “R.03”,

the Arduino reads its internal database and actuates the relays accordingly, connecting the signal

output channel with that specific cell (R.03) in less than a second. The second possible outcome

is triggered when we send a misspelled command or a pixel label that does not exist (“R.0.2” or

“R.14”), very common if we send commands manually. The result is an error message: "echo:

Unknown command: R.0.2", informing us that the command received is not recognized.

To mitigate frustration for the user, we have added a third possible outcome that sends a “help”

string through the serial port whenever the user types in Help, help or simply h. This string of

characters returns a small help guide meant to clarify the valid commands to any confused user.

"Label commands: Left or Right from 01 to 12 (R.01 , L.07 , R.12)"

"Test command: Performs a sweep over the whole range of connections (Test, test)"

The last possible scenario is most useful for debugging purposes, to check if every relay is in

good shape and all the pixels can be connected properly. We refer to it as the “Test Run”,

and it consists in a subroutine that connects every pixel to the output signal in sequence, for a

specified number of seconds, so that the user can manually check each connection.

To accelerate connection check, we have also manufactured a test PCB that emulates one of our

pre-scale up substrates, with the same shape, size, and connector layout (Figure 3.11 (b)). The

main difference is that, instead of 24 individual cells, it has 24 small LEDs soldered to it. In

this way, when we activate the small debugging switch that we have on the board, and run the

test subroutine, each LED will light up once for each switch, indicating that the self-check was
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Figure 3.11: Self-test board during operation (a) with one LED lighting at a time during the
entire test run. (b) Self-test PCB emulating the layout of pre-scale up substrates with 24 LEDs
soldered in place of the 24 individual cells.

successful (Figure 3.11 (a)). If some of the LEDs do not light up, we immediately know that the

board is malfunctioning and needs to be repaired.

3.1.4 JV Characterization Software

Figure 3.12: Prompt indicating improper demul-
tiplexing board connection.

To coordinate the entire measurement process,

we have developed a JV characterization soft-

ware with an intuitive graphical user interface

(GUI), which seamlessly integrates the oper-

ation of the Pika demultiplexer board and

the source meter (Figure 3.13). This software

takes care of communicating with the Arduino

and the source meter, connecting and extract-

ing JV curves for each and every cell, while at the same time processing all the data automatically

and generating a full report. The entire application has been developed using LabVIEW because

of its versatility in designing simple and easy-to-use GUIs, which allow any user to quickly

understand and navigate the software intuitively.181

https://www.ni.com/pdf/manuals/320999e.pdf
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Figure 3.13: Front panel of the JV characterization software (v 2.0) showing the different
controls and JV plots.

During initialization, the application checks that all the necessary devices are connected, and

prompts the user in case some equipment is missing, allowing her to reconnect it before continuing

(Figure 3.12). On the main screen, the user is required to enter the author and batch name, for

data maintenance purposes, as well as to select the JV curve parameters and the cells to be

measured. As an additional optional feature, this software allows the user to add the layer’s

information, which will be added to the generated report, as well as to randomize the cell

measuring order to reduce any systematic measuring errors. In case the user does not wish to

use the demultiplexing unit, the software has an additional option to evade Arduino automatic

detection and work only with the SMU.

In this software, JV curves can be performed in two different modes: The most common consists

in a constant voltage spacing mode, where we define a number of points within a voltage

range and measure the current at each point. The second mode is an experimental sweep

we have developed called “Smart Mode”, which provides greater resolution on the regions of

interest within the JV curve. This mode individually measures the Voc and the Jsc by setting

the source current or voltage to zero, respectively. Knowing the Voc and the Jsc, this mode

performs a localized sweep around these points to calculate the slope and extract Rs and Rsh by
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taking advantage of the current and voltage sourcing capabilities of the Keithley SMU. Finally,

it performs a series of ever finer JV sweeps between the Voc and the Jsc, with a narrowing

voltage range that focuses around the MPP region, providing great resolution around that point

(Figure 3.14). As a result of this procedure, we obtain a JV curve with the same number of

points as an evenly spaced one, but concentrated in the “regions of interest”, resulting in a

finer parameter extraction resolution in the same amount of time. To our knowledge, there

has been no report about this measurement approach in the literature, where the closest we

could find was a constant voltage-constant current approach by Min et al.,182 with most other

JV curve technical research focused on working with IV tracers operating on the 4 th power

quadrant.183–185 We must say that this measurement mode is most useful for non-S-shaped,

well-performing solar cells.

Figure 3.14: Smart JV curve measurement mode
with localized sweeps around the Voc and the Jsc,
used to calculate Rs and Rsh, as well as the self-
refining sweep to locate the MPP.

Once all the parameters are set, the software

automatically takes care of characterizing each

and every one of the selected cells, by connect-

ing them to the SMU through the Pika demul-

tiplexer. After the measurement has finished,

the application allows the user to discard or

save the data, automatically generating a full

report consisting of: all the JV curve files,

saved in a series of txt files; an Excel sheet

with all the processed data; an OriginLab file,

with all the JV curve data as well as the ex-

tracted parameter data, both being individually and collectively graphed; and finally, a Power

Point presentation properly titled, with the author name, date, and all the results and graphs

ready to be presented (Figure 3.15). All this happens in the span of a minute, while the

researcher is changing to the next sample. Needless to say, all this data is saved within recursive

folders, each properly named within the author’s directory, with the date and batch number on

each folder. This ensures that the user can leave the measuring station with all the necessary

results, without the need for any further data processing, and with all the data properly saved.
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The latest version of this software (v 2.0) includes several additional features, such as layer

deposition parameter saving and default layer parameter setting, for immediate retrieval of

recurrent fabrication parameters, estimated measurement time, and global abort capabilities.

However, the most impactful feature of this new version is the automatic connectivity with

our OPV database. Originally developed by Dr. Enrique Pascual, this database is meant to

collect all the collectively generated solar cell data, which can be useful to compare between all

devices manufactured within our group, and to feed artificial intelligence models that can relate

fabrication parameters with performance, maybe being able to predict new unexplored material

combinations. In order to push this initiative, we have redesigned the database from scratch,

making it compliant with common SQL database standards,186 to provide a wider variety of

possible SQL queries, and for an easier integration with LabVIEW. This integration allows the

JV characterization software to automatically transfer all the layer information, as well as the

resulting JV curves and extracted parameters, directly to the database, without user interaction.

The resulting data is tightly interconnected, as we can see in Appendix A: RAINBOW, and can

be interacted with by using any database access tool, such as Microsoft Access, or by sending

SQL queries, which are widely compatible with most programming languages.

Figure 3.15: JV characterization report summary, with the generated files properly stored in
folders, as well as the resulting Power Point, Excel and OriginLab files including the layer data.

https://www.codemag.com/Article/9995031/CODE-SQL-Server-Database-Standards
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3.2 EQE Measuring Setup

With the Pika demultiplexer setup, we are able to quickly and reliably measure the JV curves

of all our pre-scale up substrate based solar cells. Nevertheless, JV characterization does not

provide us with wavelength sensitive performance information; for that, we require the use of an

EQE characterization setup.

In this section, we have developed a laser-based EQE characterization setup that consists of

a supercontinuum white laser coupled to a monochromator, which allows us to illuminate our

solar cells with the entire visible and NIR range, while measuring their wavelength-dependent

performance. This setup is combined with a Keithley SMU that is able to operate in any of the

four power quadrants, to perform photovoltaic measurements in a variety of operating regimes.

The main advantage of using a laser source is that its maximum monochromated power output

density (FWHM = 2.5 nm) is similar to that of the sun at around 1000 W m-2, being much higher

than most light sources used for EQE characterization. Such a high power allowed us to adapt

the laser spot to fit into the cell, with a pinhole, without having to worry about light intensity

levels. A smaller laser spot that fits into both the solar cell and the photodetector drastically

simplifies power calibration measurements by skipping light power density normalization.

3.2.1 XZ Stage and Filter Flipper

In order to measure the EQE of the cells manufactured with our pre-scale up substrates with

the laser setup, we needed a way to accurately and repeatably position each individual cell

on the laser spot, keeping it still during the measurement, while at the same time electrically

connecting each cell with the Keithley SMU. To fully characterize one pre-scale up device, this

complicated process has to be repeated for each of the 24 cells in the substrate. One can quickly

see that this task is neither suitable nor efficient for a human to perform.
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Figure 3.16: Custom built section of the EQE setup, combining the filter flipper and the
XZ stage with several optical components and the photodetector in the laser path for measurement
calibration.

To solve this problem, fulfilling these very specific requirements, we combined the Pika demul-

tiplexer board with a custom-made XZ stage, capable of positioning every cell on the laser

spot, while electrically contacting the appropriate cells. The XZ stage was fully designed and

fabricated within the scope of this thesis, using readily available NEMA 17 stepper motors

and linear rails, combined with an Arduino microcontroller to control all the motors and to

provide serial communication capabilities (Figure 3.16). The stage was fully 3D printed, in

order to adapt to the existing Pika demultiplexer board. The latter is attached via four small,

yet powerful magnets, which make for easy sample replacement while ensuring repeatable

positioning.

The resulting stage is able to accurately position the cell on the laser spot with high resolution

and reproducibility (∼100 µm). Thanks to the regular substrate size, this setup only requires an

initial calibration to locate each cell on the laser spot, after which cell positioning is completely

automatic, with user interaction limited to sample changing.
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Filter Flipper

A disadvantage of this laser/monochromator combination is that the monochromator gratings

introduce a second order diffraction that needs to be filtered out. This is easily achieved

by using a series of visible and NIR filters, which block unwanted diffraction orders on both

measuring wavelength ranges. However, the filters need to be inserted and removed in the

middle of each EQE measurement, making the task more than inconvenient when manually

operated. A motorized filter flipper is the easiest and best way to solve such a problem. However,

commercially available solutions from Thorlabs are expensive and inconvenient, because of their

library incompatibilities with newer versions of LabVIEW. That is why, with a spare motor and

some 3D printed pieces, we designed and built the “Nanopto Filter Flipper”, an open source,187

extremely affordable and mainly 3D printable alternative to change filters automatically in a

fast and reliable way. The total approximate cost is around 7=C, which is 100 times cheaper

than Thorlabs’ 700=C Motorized Filter Flip mounts.188

In order to control both the filter flipper and the XZ stage, we developed a piece of custom

firmware, based on the Pika demultiplexing Arduino Firmware’s serial communication, which

allowed us to precisely control the motor movements in real time. Besides, this firmware’s

entire communication protocol has been developed in accordance to the standard G-CODE

programming language, so that both the filter flipper and the XZ stage are compatible with

other CNC controllers.189

3.2.2 Software and Operation

In order to control every piece of instrumentation within this setup, as well as to gather,

process and save the obtained EQE data, we needed a rather complex piece of software, capable

of orchestrating the entire operation. Similarly to the Pika demultiplexer software, we have

developed the EQE characterization application using LabVIEW because of its nice GUIs, and

because of our previous expertise using the software (Figure 3.18).181

https://github.com/minusmagis/Filter_Flipper_Arduino
https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=3962
https://en.wikipedia.org/wiki/G-code
https://www.ni.com/pdf/manuals/320999e.pdf
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When we initialize the EQE software, it automatically detects all the necessary pieces of

equipment, prompting the user to connect any missing device, an example shown in Figure 3.17).

The list of devices controlled by the software includes: The supercontinuum laser, to turn it on

and off and regulate its power output; The monochromator, to select the output wavelength; The

Keithley 2450 SMU, to electrically measure the cells; The thorlabs photodetector, to measure

the light power; The filter flipper, to select the working wavelength range; The XZ stage, to

position the cell on the laser spot; And the Pika demultiplexer board, to connect each cell when

placed on the laser spot. To connect to some of the instruments, since we use a rather new

version of LabVIEW (NXG), we had to develop several libraries that enabled communication

between the software and the instruments.

Figure 3.17: Prompt indicating the visible monochro-
mator is not properly connected.

After all devices are initialized, on the main

screen (Figure 3.18), the user is provided

with controls to operate every device sep-

arately according to the different stages of

the measurement. Firstly, the user needs

to turn the supercontinuum laser on and

place the photodetector on the laser spot. Before starting any measurement, the user is required

to enter the author initials and the cell batch label, necessary for proper data logging. Addi-

Figure 3.18: Front panel of the EQE characterization software (v 2.0) with the multiple controls
and graphic visualization panel.
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tionally, the user needs to add the wavelength range parameters as well as the specific EQE

characterization parameters and the cell selection.

Figure 3.19: Laser spot illuminating one single
cell loaded on the Pika demultiplexer board during
the wavelength sweep of an EQE measurement.

The first part of the measurement consists in

a light power calibration that measures the

power at each wavelength, necessary to calcu-

late EQE values from cell photocurrent. After

the calibration, the user is prompted to remove

the photodetector from the laser spot, and to

place the cell on the Pika demultiplexer to be-

gin the measurement. After that, the XZ stage

automatically places the first selected cell on

the laser spot, and the wavelength sweep be-

gins, while the SMU measures the photocur-

rent at each wavelength (Figure 3.19). This

photocurrent is converted to photocurrent den-

sity and EQE values, which are saved automatically on different properly named folders, similarly

to the JV characterization software. This process is repeated for every individual cell, until the

entire substrate, or at least the selected cells, have been characterized. We did not add full

report generation capabilities to this particular application due to the wider and less systematic

requirements of EQE data processing.

With this setup, EQE cell characterization has become a seamless and automatic process, with

very limited user interaction requirements. Automating this technique proved to be crucial for

the significant EQE characterization effort performed within this thesis, as well as for general

cell characterization performed within our group.
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3.3 Conclusions

In this chapter we have developed two experimental setups that accelerate, systematize and

automate the characterization of organic photovoltaic devices fabricated within our group,

increasing reproducibility, and greatly reducing the time and effort involved in the entire

characterization process. These setups include: a solar cell automated demultiplexer, together

with a JV characterization setup; and a robotic EQE measurement setup.

The first setup designed and built within this chapter consists of a custom PCB with 3D printed

accessories, combined with a LabVIEW-based orchestrating software that, together with an

SMU, coordinates the entire JV characterization process, as well as the data processing and

report generation. The custom PCB includes a bistable relay tree that connects each individual

cell with a BNC connector, through gold plated spring pins, to enable low-noise, accurate

JV characterization. The substrate is accurately located within the PCB with a custom-made

3D printed holder, which tightly clamps all the cells against the pogo pins, providing a good

electrical connection.

The JV characterization software presents an intuitive GUI, which takes care of the communi-

cation between the source measuring unit and the demultiplexing board, and walks the user

through the JV measurement process, by asking for equipment connection and input parameters.

As a result, the software outputs a full report with txt files, an Excel sheet, an OriginLab file

with all the graphs, and a Power Point file with all the results nicely plotted and ready for

presentation. Additionally, the newest version of the software integrates database connectivity

capabilities for proper data logging and further metadata analysis.

This setup results in a 92% reduction in the required characterization time, allowing for faster,

more in depth solar cell characterization, while reducing the ON-time of the solar simulator lamp,

lowering energy consumption and degradation. Besides, it increases cell connection reliability,

with its gold coated pogo pins, while allowing the sample to be measured in inaccessible locations

thanks to its remote actuation.
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The second setup explained in this chapter is a robotic EQE measurement system, which

enables us to automatically measure the EQE of all cells within one pre-scale up substrate, in

a highly reproducible and automated manner. This setup consists of a computer controlled

supercontinuum laser and monochromator, which provide a wide operating wavelength range,

combined with a fully 3D printed open source XZ stage, which places our pre-scale up substrate

solar cells on the laser spot for their EQE characterization. The latter has been fully developed

within this thesis, complemented with the demultiplexing board developed in previous sections

to contact each cell during EQE measurements.

This entire setup is orchestrated through a powerful piece of LabVIEW software, which connects

to every instrument and provides the user with accurate instructions during the measurement,

after which it automatically saves all the resulting files in a well classified hierarchical folder

structure. In addition to saving incredible amounts of human time and effort, this setup has

enabled the systematic EQE characterization of pre-scale up substrates within our group.

These two experimental setups have been designed to be easy to assemble, reliable and to have

a low cost, to enable their implementation in any possible environment. To do so, we have used

really affordable and widely available commercial PCB manufacturing processes, combined with

off-the-shelf components widely used in the 3D printing industry, which are cheap and easily

replaceable. Every structural piece used to assemble the setups is 3D printed and open source,

so that anyone can entirely replicate these setups without complicated machining operations or

injection moulding processes, just by having a really inexpensive 3D printer.



Chapter 4

Enhancing OPV Performance with 2D

Nanoimprinted Photonic Structures

Abstract

In this chapter, we will explore how controlled nanostructuration of organic solar cells and

organic photodetectors, more specifically active layer and back electrode nanostructuration,

can modify their spectral response as well as their overall performance. The results of this

chapter are an expansion of the work published in J. Mater. Chem. C, 2020, 8, 9688.190

In this chapter, we have manufactured organic solar cells and organic photodetectors, and

nanostructured their active layers in the shape of a 2D photonic crystal, consisting of a square

array of cylindrical holes, to increase their absorption and overall efficiency. These devices

have been mainly developed using P3HT:PC61BM, PBTTT:PC71BM and PBDB-T:ITIC as

photoactive materials. Along this process, several characteristics of the photonic architecture,

like the feature depth or the lattice parameter, have been modified in order to guarantee basic

device performance as well as to enhance and tune its spectral response. In the particular case

of photodetectors, we have tuned the photonic crystal properties to enhance their NIR response

by enhancing the charge transfer state absorption. A variety of characterization techniques have

been used to analyze our devices in order to get a good picture of their performance. We have

manufactured both nanostructured and flat devices under the same conditions to provide a fair

performance comparison in each of the samples.

79
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4.1 State of the Art

As we have discussed in 1.3: Organic Photovoltaics, the active layer thickness of most OPV

devices is limited by the short exciton diffusion length, arising from the low charge mobility

inherent to organic semiconductors.191–193 This thickness limitation, on the order of 100 nm,

ultimately limits the maximum absorption of the active layer, lowering the theoretical maximum

PCE that OPV devices could achieve.194, 195 This problem has been addressed from several

perspectives, from enhanced charge extraction layers196, 197 and higher charge mobility active

materials,198, 199 all the way to ferroelectric polarization of the active layer,200–202 in order to

increase charge collection probability on the electrodes. Nevertheless, one of the most attractive,

is to utilize some form of light trapping to enhance active layer absorption from an optically

oriented perspective.195

Light management has emerged as an important field to help with this trade-off, which has been

limiting organic photovoltaic performance,192,203 to enhance light absorption within OPV devices

without compromising charge extraction. By incorporating photonic structures, the optical path

length and the electromagnetic field strength can be tuned, thus enabling an increase in the total

effective absorption without increasing the active layer thickness.195 These light management

techniques have been successfully used, both in organic solar cells and organic photodetectors,

to enhance their performance either on a specific wavelength range or throughout the entire

spectrum.204,205

There are several approaches that fall into the light management umbrella. On one hand, there are

those that exploit the conventional ray optics strategies that are mainly based on reflection and

refraction, such as: anti-reflection coatings,206,207 collector mirrors,208 v-folded substrates,209–211

fiber-shape based photovoltaics,212,213 and micro lenses;214,215 which exploit light trapping up to

the classical limit. These approaches ease the incoupling of light into the solar cell and extend

the path of the photons within the active layer, leading to a much longer interaction distance

that gives the photon a higher chance of being absorbed. However, when using conventional light
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trapping the absorption enhancement is limited to 4n2, where n is the refractive index of the active

layer.216,217 In order to bypass this limitation, the scientific community has been putting more

and more effort on approaches based on wave nature of light, such as microcavities,218,219 optical

spacers,220 distributed Bragg reflectors,221 photonic crystals,108,204,206,220–223 quasi-periodic224

or disordered nano-patterns,225 nanoparticles,226,227 and plasmonic nanostructures.191,227–229

These strategies usually rely on some kind of nanostructure that can be tuned to manipulate

light in order to increase absorption within the active layer of OPV devices, boosting the

enhancement factor limit by an order of magnitude, up to 12x4n2.230,231 Not only that, but

these nanostructures provide us with the ability to tune the absorption’s spectral response,

providing a whole new set of tools for selective wavelength enhancement,232,233 which can be

really useful in the world of PV to be implemented, for example, in photodetectors or tandem

solar cells. That is why the scientific community has started to implement such light management

techniques in emerging PV fields, such as OPV,108,234,235 dye sensitized solar cells221,236–239

or perovskites.240 These structures are so promising that even well established PV fields, like

silicon-based photovoltaics, have some amount of literature reporting on them.204,223,241,242

In this work, we will mainly focus on the role of photonic crystal nanostructures in organic solar

cells and organic photodetectors. We have chosen to use active layer nanostructuring as our

light trapping mechanism because it is one of the most reliable and scalable processes available,

especially when using roll-to-roll compatible techniques such as those utilized in this thesis.243,244

Also, by nanostructuring the active layer, we can deposit thin active layers that absorb light

efficiently, using less photoactive material, while adding just one step to the manufacturing

process, without significantly increasing its complexity and material cost.245,246

To study the effect of these nanostructures on OPV, we have modified the active layer and the

back electrode of an organic solar cell into a photonic crystal as a light trapping mechanism.

Along the process, we have explored the advantages and difficulties that arise when trying to

implement such 2D nanostructures on the active layer and the back electrode of OPV devices.

This photonic nanostructure consists of a 2D periodic structure that in-couples the incoming
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light into the active layer, enhancing the optical path and increasing the electric field strength,

thus rendering higher absorption efficiencies within the photoactive material.

It is worth noting that even though we talk about photodetectors in general, within all different

types of photodetectors, our work is focused on organic photodiodes.

4.2 Materials and Methods

Most of the materials and methods used in this chapter are common throughout the various

different types of devices manufactured. However, methods specific to a certain device will be

explained in detail in their own subsection.

As one of the main active layer materials, we have decided to use P3HT:PC61BM, because, since

it has one of the lowest synthetic complexity of all photoactive polymers, it is really inexpensive,

thus being widely available, and on top of that it is the most studied and well understood

material blend in the world of OPV.247–251 Besides P3HT:PC61BM, we have used a variety of

other active materials in our solar cells and organic photodetectors, which are further described

and explained in their own subsections.

In Figure 4.1 we can see a complete schematic view of the different layers that compose both our

solar cells and our photodetectors. Their main differentiating characteristics are their specific

photoactive material and their active layer thickness.

The lowermost layer, after the ITO substrate, is the electron transport layer (ETL), which in

these devices is deposited from a ZnO nanoparticle solution on an ITO covered glass substrate

by blade coating, a technique often used as a pre-upscaling method.243–246 After annealing

the ZnO film to remove the solvent and settle the structure, we deposit a layer of photoactive

material using the same technique. At this point, we nanostructure the active layer by using a

variety of techniques that differ depending on the active layer material and the type of device.

They are further specified below and throughout the chapter for specific conditions.
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Figure 4.1: Layer stack configuration for nanostructured OPV devices seen upside down with
the silver back electrode on top. Figure adapted from: J. Mater. Chem. C, 2020, 8, 9688190

On top of the nanostructured active layer, a 10 nm thick MoO3 layer is deposited by thermal

evaporation. The thickness was determined to be thick enough to have a uniform film, without

any pinholes, and good charge blocking characteristics while maintaining the diffractive behaviour

of the photonic crystal. As the last layer, we deposited a thick 200 nm Ag back electrode contact,

also by thermal evaporation. The back electrode, being deposited onto the nanostructured

active layer, adopted the shape of the nanostructure which provided the sample with a strong

optical response. Finally, most devices are encapsulated with UV curable epoxy resin and a

glass coverslip to slow down oxygen and moisture-driven degradation.

To fabricate these photonic structures, we have used a technique called thermal nanoimprinting

lithography. The nanostructure is formed on the active layer by heating it above its glass

transition temperature, placing a hybrid PDMS stamp on the polymer blend, and applying a

pressure of up to 5 bar. Combining the pressure with the partial liquefaction of the polymer

blend forces the active layer to take the shape of the hard stamp. After cooling it down below

its glass transition temperature and removing the pressure, the PDMS stamp can be carefully

removed, revealing a nanostructured active layer (Figure 4.2 a)). When the HTL and the
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back electrode are subsequently deposited on top of the nanostructured active layer, they both

take its shape (Figure 4.2 b)), resulting in a stack of nanostructured layers, which will act as

both a reflecting and diffracting element. The diffraction characteristics are easily visible with

the naked eye in the form of a beautiful iridescence, as we can see in Figure 4.2 c). These

nanostructures were performed with stamps with different feature depths, as we will see in the

later sections, because of several electrically related problems.

The nanostructured stamps used during the nanostructuration process were fabricated in

collaboration with Dr. Molet, with the methodology described in 2.2.3: Stamp Fabrication and

Architecture. These stamps produced nanostructures consisting of a square lattice of cylindrical

holes, evenly spaced on the xy plane as seen in Figure 4.2. These holes had varying depth and

lattice constants so as to explore the effect of these parameters on our devices.

Figure 4.2: a) Soft nanoimprinting lithography process steps illustration. b) Crossection SEM
image from a finished nanostructured OPV device. c) Picture of a finished nanostructured device
showing different iridescence colours for each nanostructuration; L600, L500, L400 from top to
bottom. Figure adapted from: J. Mater. Chem. C, 2020, 8, 9688190
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4.3 Nanostructured Solar Cells

4.3.1 Introduction

Increasing the amount of light a solar cell can absorb, and therefore convert into electrical

power, is a neat strategy to increase its efficiency. Therefore, light management techniques have

been used in almost every existing photovoltaic technology.204,221,234,238,240,242,252 Technologies

that use thick active layers (>1-10 µm), where reflected light is the biggest concern, focus on

approaches such as antireflection coatings, since light is completely absorbed within the thick

active layer.253–255

On the other hand, thin film technologies, such as OPV, use different light management

approaches to increase the absorption within the thin active layer, such as plasmonics or

photonics,228,234,238 which tend to rely to some degree on the partial nanostructuring of the

device.195 These nanostructures do not only provide light trapping capabilities, but can increase

the surface area to volume ratio and reduce solar cell thickness, therefore using less material

overall.256,257 Besides, they have the potential to reduce the distance between charge carriers

and the p-n junction, or the donor-acceptor interface, facilitating charge collection.193

Despite the potential efficiency increase of nanostructured solar cells and their rapid development,

device performance has not been significantly increased, mainly due to the hindered electrical

properties related to the nanostructuring process.195 With the exception of anti-reflection

coating nanostructures that, being outside the solar cell, have little to no detrimental effect on

its electrical characteristics.206

In the world of OPV, however, short charge diffusion lengths encourage scientists to keep on

trying to use photon management techniques to overcome the limited absorption provided by

such thin layers. This is usually achieved by implementing some kind of nanostructure inside

the solar cell, which provides light-trapping and/or field-enhancement capabilities. Nevertheless,

these strategies tend to rely on techniques that are not always easily scalable, like most techniques

used in nanofabrication, and are sensitive to manufacturing errors.195
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In this work, we have implemented soft nanoimprinting lithography, a roll-to-roll compatible

nanostructuration technique,243–246 to nanostructure the active layer of organic solar cells to

increase their light trapping capabilities. By nanostructuring the active layer, we provide

a template on which the metallic back electrode is deposited, resulting in a nanostructured

active layer and back electrode. This nanostructured stack has the shape of a photonic crystal,

which, by incoupling incoming sunlight, increases the overall absorption and, in theory, the

final efficiency of the solar cell. This layer stack is especially powerful because the optical

contrast between metals and organic polymers is really high, enhancing the cell’s light trapping

capabilities.231

4.3.2 Materials and Methods

The nanostructured organic solar cells were manufactured with an active layer based on

P3HT:PC61BM, as explained in Section 2.1: Organic Solar Cell Fabrication. Since devices were

manufactured both in inverse and conventional architectures, four different transport layers

were used: PEDOT:PSS and MoO3 as hole transport layers, and ZnO NP and Ca as electron

transport layers. However, seeing that only inverse architecture devices provided useful electrical

results, device electrical characterization is focused on the inverted architecture.

To study the effect of nanostructuring on higher efficiency materials, we used PBDB-T:ITIC

as the photoactive material, which was one of the most efficient materials at the time of the

experiments.258 This particular active layer blend was used in an inverted configuration and

required the use of DIO to act as a plasticizer for the nanostructuration step.

Two main techniques were used for the nanostructuring of the active layer. The first one

was solvent assisted nanoimprinting lithography in which we take advantage of the fact that,

when the active layer is not completely dry, we can place a nanostructured stamp on top,

and the active layer will take the shape of the nanostructure as the solvent evaporates. This

nanostructuring technique provided great results for P3HT:PC61BM based active layer blends,

but it did not provide good results with PBDB-T:ITIC based active layers. In the latter, the
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active layer processing characteristics and drying times completely obstructed the application of

this technique.

In order to nanostructure PBDB-T:ITIC active layers, we decided to use thermal nanoimprinting

lithography, a technique that proved to be much more reliable and easier to implement in the

long run for most active layer materials.

For this particular study, a wide variety of nanostructure lattice parameters were chosen, ranging

from 400 nm all the way up to 800 nm. However, since at first we did not see significant

differences in the general light-trapping capabilities between different nanostructure pitches on

the visible range, we decided to prioritize other aspects of the study.

4.3.3 Results and Discussion

Before manufacturing the devices, we decided to simulate the possible increase in absorption

that a nanostructure would provide for a basic P3HT:PC61BM solar cell. For that, Dr. Molet

performed some simple Finite-Differences Time-Domain method (FDTD) simulations, which

provided some promising results. As we can see in Figure 4.3 b), there is a theoretical increase

in absorption in almost the entire visible and NIR range, for a nanostructured P3HT:PC61BM

based solar cell with a nanostructure lattice parameter of 400 nm and a thickness of 130 nm.

We can see in that same figure that a part of the absorption enhancement is directly attributed

to the increase in absorption within the P3HT:PC61BM active layer.

To assess the light-trapping capabilities of our solar cells, we manufactured and measured the

absorption of complete devices by using an integrating sphere. As we can see in the extinction

(1-R-T) graphs (Figure 4.3), the main extinction gains are located below the band gap of the

active layer blend for both the inverted and conventional architectures. Sub-panel a), on the left,

shows a P3HT:PC61BM based inverted solar cell that exhibits great absorption gains, especially

in the NIR region. However, upon further inspection, we see that the absorption enhancement

in our active layer is much more modest, as predicted by our simulations. On the right panel, we

see a similar behaviour. However, since this sample did not have any active layer region without



88 Chapter 4. Enhancing OPV Performance with 2D Nanoimprinted Photonic Structures

a back electrode, we could not measure the active layer contribution to the total absorption.

As we shall see in later sections, this effective increase in absorption is more related to the

incoupling of guided modes, which do not necessarily lead to complete light absorption within

the active layer. We can get an early hint of this phenomenon from the red light that comes out

of the side of our solar cell, indicating that a significant fraction of that incoupled light is not

getting efficiently absorbed (Figure 4.3 (c)).

As we can see in Figure 4.4, the nanostructured solar cells exhibited a somewhat enhanced Jsc,

which is well correlated with the increase in light absorption. This enhancement, however, was

not as high as the increase in absorption might have suggested. This can be attributed to the

fact that most of the absorption enhancement occurred well below the band gap of the solar

cells, and the active layer contribution to that absorption increase was moderate. This fact,

Figure 4.3: (a) Integrating sphere extinction (1-R-T) measurements of inverted (left) and
conventional (right) architectures for both nanostructured and flat solar cells. (b) FDTD
simulation of the absorption spectrum for a nanostructured and flat P3HT:PC61BM based
inverted solar cell with a nanostructure lattice parameter of 400 nm and a thickness of 130 nm,
with separate active layer contribution. (c) Incoupled light escaping through the device edge
while being measured on the integrating sphere.
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combined with a lower fill factor, probably due to the higher recombination caused by surface

defect traps,259 led to more or less equivalent efficiencies for both nanostructured and flat solar

cells (Table 4.1).

Voc (V) Jsc (mA) FF (%) Efficiency (%) Rs (Ω) Rsh (kΩ)

Nanostructured 0.6 ±0.02 -8.4 ±0.2 42 ±6 2.12 ±0.2 140 ±60 13 ±5

Flat 0.6 ±0.01 -7.6 ±0.4 47 ±8 2.14 ±0.1 100 ±20 21 ±2

Table 4.1: JV curve extracted values for nanostructured and flat P3HT:PC61BM based organic
solar cells.

We also decided to try the nanostructuration process on a high efficiency material blend based on

a NFA, PBDB-T:ITIC. However, due to its crystalline structure properties,260 this active layer

blend could not be easily nanostructured neither by solvent assisted nanoimprinting lithography

nor by thermal nanoimprinting lithography. We attempted to nanostructure PBDB-T:ITIC

based active layers under a pressure of up to 6 bar and a temperature of up to 200°C without

success.

Figure 4.4: JV curves from nanostructured and
flat cells based on a P3HT:PC61BM active layer
blend with two different nanostructure lattice pa-
rameters.

Therefore, we decided to add DIO, a commonly

used additive, in a 1% concentration to tempo-

rally act as a plasticiser, so that the active layer

could be nanostructured while trying to min-

imize detrimental effects on the photoactive

material. With DIO and thermal nanoimprint-

ing lithography, we were able to nanostructure

the active layer of PBDB-T:ITIC-based solar

cells. Nonetheless, this came at a high price,

since, as we can see in Figure 4.5 (left), while the electrical performance of a pristine PBDB-

T:ITIC based device is in agreement with previously published data, when DIO is added, its

performance is severely hindered. The nanostructuration process seems to revert these effects to

a certain degree, by increasing the Jsc and slightly reducing the fill factor when compared to a
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Figure 4.5: (left) JV curve of three PBDB-T:ITIC based organic solar cells, a flat pristine
reference a DIO containing flat reference and a DIO containing nanostructured solar cell. (right)
Crystallite formation promoted by DIO presence on PBDB-T:ITIC based solar cells for a pristine
region and a region that has been under pressure in contact with a PDMS stamp that has
undergone partial recrystallization.

flat device with DIO, in a similar fashion as the behaviour we observed with P3HT:PC61BM

based solar cell. However, for PBDB-T:ITIC active layers with DIO, both nanostructured and

flat devices perform significantly lower than any of the flat pristine samples, rendering the

process counterproductive.

We attribute this drop in performance to a strong phase separation made possible by the

presence of DIO, which can act as a solvent.261 As we see in Figure 4.5 (right), big crystals have

developed all along the surface of the active layer, which are less present around the regions that

were in contact with the PDMS stamp during NIL. These crystallites form immediately after

blade coating the active layer, and they seem to be temperature sensitive, since we see that,

after nanostructuring the active layer with thermal nanoimprinting lithography, the areas that

have been under pressure at high temperatures exhibit smaller crystallite size than those that

were not under pressure. This could be related to pressure dependent phase separation, and

could partially explain the higher performance of these particular nanostructured solar cells.

Parallelly, we performed EQE measurements on our solar cells to verify the spectral regions in

which light trapping was providing an enhanced electrical response. We can see in Figure 4.6

that, while our P3HT:PC61BM solar cells exhibit some general enhancement in the visible
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Figure 4.6: EQE spectra of P3HT:PC61BM based nanostructured and flat solar cells with
efficiency oscillations along the absorption tail, in the NIR region, present only in the nanostruc-
tured cells.

region, they show interesting peaks around the NIR well below the band gap of the photoactive

material. These peaks were not present in the non-nanostructured solar cells, so they must have

been a result of the nanostructured active layer and back electrode stack. Besides, they seem to

be dependent on the nanostructure pitch, as they are clearly and consistently different for the

different lattice parameters.

The fact that we did not manage to increase the overall efficiency of organic solar cells with

photonic crystals, combined with these interesting peaks that appeared below the band gap

absorption of our material, made us change course and focus on studying this phenomenon more

in depth, which leads us to the next section; Nanostructured NIR Photodetectors.
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4.4 Nanostructured NIR Photodetectors

4.4.1 Introduction

In our technologically oriented society, near-infrared (NIR) photodetectors can be found every-

where, as we rely on them on a daily basis in applications such as automatic sliding doors, NIR

cameras, remote controls, telecommunications, spectrophotometers, and devices for medical

diagnosis.262,263 Currently, NIR photodetector technologies are based on the combination

of regular silicon or, to a lesser extent, III–V (InGaAs) photodetectors with colour filters or

gratings.264,265 However, functional and reliable, such wafer-based approaches fail to satisfy the

new demands for wearable, inexpensive, and flexible devices. That is why, appealing alternatives

are emerging, such as organic photodetectors (OPDs), which are flexible, have low embedded

energy processing and are highly compatible with available and easily scalable techniques such

as roll-to-roll processing.243–246 In addition, the composition of organic polymers and / or small

organic molecules can be chemically tuned to provide a variety of absorption ranges, further

increasing the appeal of organic photodetectors.266–268

Chemical tailoring of organic molecules has worked well within the visible range; however,

extending the OPD wavelength response toward the NIR range while maintaining device

performance remains still a challenge.269 Organic synthetic chemists are continuously developing

new polymers and small molecules, with ever smaller band gaps that go deeper into the infrared

region.270,271 Nevertheless, manufacturing these exotic materials is a resource intensive process

that requires great effort and costs a significant amount of money, reducing their potential to

be used in real devices.270 Furthermore, each new material is usually optimized for a specific

wavelength range, which means that a large number of new molecules have to be synthesized to

operate along the solar spectrum.272

Parallelly, a different branch of research has been trying to extend and increase OPD response

in the NIR region by using inexpensive, readily available organic semiconductors. Instead of
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focusing on tuning the intrinsic absorption of the material itself, this research has focused on

alternative strategies to increase OPD response within the NIR region.273,274 One simple yet

powerful approach consists in taking advantage of the filtering effect in thick polymer layers,

also known as charge collection narrowing.57 With this effect we can obtain narrow peaks with

high external quantum efficiencies in the NIR region. There is, however, a downside to this

approach; since it relies on the intrinsic absorption of the active layer materials, it still requires

low band-gap molecules to go deeper into the NIR.137,275,276

Figure 4.7: Schematic visualization of the band structure
and the charge transfer state within the band diagram of
a generic type II donor acceptor blend, with a staggered
gap configuration.

Another elegant alternative consists in

taking advantage of the direct intermolec-

ular charge transfer state (CTS) absorp-

tion, to extend the OPD wavelength

response far into the NIR region with-

out the need of any low band-gap mate-

rial.277 The CTS is the state that results

from the interaction between the high-

est occupied molecular orbital (HOMO)

of the donor and the lowest unoccupied

molecular orbital (LUMO) of the acceptor. This state is only present at the donor-acceptor

interface, where electronic orbitals with different energies come together to form a new inter-

mediate state. This newly created state usually exhibits a lower transition energy than its

composing states for a type II heterojunction, such as those found in typical donor/acceptor

blends. To put it simply, the energy levels form a staggered step-like shape, like the one seen in

Figure 4.7. The lower transition energy of the CTS endows the blend with the possibility to

absorb light with longer wavelengths than each of its separate components, with a broad band

absorption spectrum.

Because it is mainly localized within the donor acceptor interface, CTS absorption strength is

strongly dependent on molecular intermixing.278 Unfortunately, CTS absorption strength is
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around two orders of magnitude lower than singlet absorption strength due to the fact that it

is an intermolecular state.271 This intrinsically low oscillator strength often demands for the

use of very thick active layers, at high reverse voltages, in order to guarantee light absorption

and efficiently extract the generated charges.279 For traditional device architectures, in order to

increase the absorption of the CTS, active layer thicknesses must be increased enormously (up

to tenths of microns). This requires applying biases of up to hundreds of volts to extract charges

efficiently.279 Aiming to avoid such high voltages and thick layers, research has focused on light

trapping schemes in search for an interesting alternative to greatly enhance CTS absorption.

A recent development in the field of CTS absorption enhancement is the use of metal cavities,

which has led to impressive OPD photoresponse. These have pushed OPD response far beyond

the band gaps of the composing materials with significant EQE responses of around 20-40%

.219,280–282 Not only do they achieve high EQE values significantly below the band gap of the

composing materials, but by accurately controlling the cavity dimensions, basically by modifying

the thickness of the electrodes and the active layer, the detection wavelength can be finely

tuned. Despite the remarkable performance of microcavity-based optical devices, the nature of

an optical cavity makes the resonant frequency critically dependent on the thickness of the film.

For that reason, these devices are most likely not compatible with techniques such as roll-to-roll

processing, in which thicknesses usually fluctuate within a certain tolerance, and making that

tolerance tighter comes at great cost.

In this thesis, inspired by the micro-cavity devices and the work performed in the previous section,

we have explored a device configuration that enhances CTS absorption by nanostructuring the

active layer and the back electrode in the shape of a photonic crystal.283 Photonic crystals

are not an entirely new concept within photovoltaics, as some major accomplishments have

already been achieved by nanostructuring photovoltaic devices.284–287 In this thesis, however,

we developed a photodetector with a nanostructured active layer and a back electrode with

a nanostructure consisting of a 2D periodic photonic crystal. This photonic crystal has been

engineered to couple incident light into photonic modes that provide electric field concentration
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in the photoactive medium, within the wavelength range of the CTS absorption of our materials.

To fulfill real application requirements, our devices have been mainly fabricated with low-

cost active layer materials, using inexpensive and scalable techniques such as blade coating

for the photodetector manufacturing and nanoimprinting soft lithography for active layer

nanostructuration.243,245,288,289

Our devices are based on a bulk heterojunction (BHJ) architecture, consisting of an electron

donor PBTTT or P3HT and an electron acceptor PC71BM or PC61BM. We have been able

to easily and seamlessly nanostructure these active layers via soft nanoimprinting lithography,

leading to a significant increase in EQE response within the NIR, from 750 to 1000 nm and

from 775 to 1075 nm, for P3HT:PC61BM and PBTTT:PC71BM, respectively. This photoresponse

increase can be attributed to the absorption of the CTS, since it is significantly beyond the

band gap of the individual active layer materials. We have also used different nanostructure

lattice parameters to select the wavelengths where the absorption would be enhanced, providing

us with wavelength response tunability in the NIR region.

Finally, we demonstrated that, in our devices, enhanced photodetection wavelengths are thickness

variation tolerant within a certain range. This means that processing tolerances can be higher,

making this device attractive for further development and commercialization. In summary, the

designed and implemented light-trapping configuration enables us to use inexpensive organic

materials for light detection within the NIR wavelength range with minimal disruption of the

fabrication process, where the nanostructuring step does not negatively affect the electrical

performance of the photodetector.

4.4.2 Device Fabrication

Materials

The active layer of OPD was composed of either P3HT:PC61BM or PBTTT:PC71BM BHJ

blends. These materials were chosen for several reasons: first, they are really affordable and
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widely available materials, making them attractive for further development and upscaling;247

second, these specific combinations show a significant CTS absorption tail that extends into the

NIR region, which means that we can enhance this absorption and extend the response of the

devices beyond their individual band gaps;219 and third, their high carrier mobilities allow us to

deposit thick active layers, which is an essential aspect to make the most out of the CTS low

absorption coefficient.271

Other material blends such as P3HT:OIDTBR were also explored, however due to their respective

HOMO/LUMO level arrangement being more closely matched, their charge transfer state did not

extend deep into the NIR, where most telecommunication windows are located (> 800 nm).290

That is why, after the first failed trials, they were quickly discarded in favour of fullerene-

containing active layer blends.

While the general manufacturing procedure, which has been explained in detail in Section 2.1:

Organic Solar Cell Fabrication, is common amongst devices manufactured within this chapter,

our nanostructured photodetector fabrication process has some specific characteristics. The first

is their thick active layer (∼ 1 µm), which in general is one order of magnitude thicker than

the solar cells manufactured in the previous section, and that of most reported organic solar

cells.291,292 Besides, the active layer nanostructuring of our photodetectors is performed via

soft nanoimprinting lithography, when the active layer is completely dry and all the solvent is

fully evaporated, like we did with the PBDB-T:ITIC blends. With this reliable and roll-to-roll

compatible technique,288,293 we did not require a cleanroom to fabricate our devices, yet we

could produce extensive nanostructured areas with high fidelity and reproducibility.

After device encapsulation, we performed a thermal annealing to increase the active layer

crystallinity and enhance charge transport properties. The back electrode, being deposited onto

the nanostructured active layer, adopted the shape of the nanostructure (Figure 4.8) which

provided the sample with a strong optical response.
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SEM Images

Figure 4.8: Cross-section SEM image of a nanos-
tructured photodetector with all the conforming
layers colorized for better visualization. The lower-
most ITO layer is missing because the image was
taken in a ITO free area of the patterned substrate.

Topology pictures obtained with the SEM, con-

firmed that the nanoimprinting lithography

was reliable and reproducible. We can see

in the SEM images that the nanostructure

is practically perfectly reproduced on both

the active layer and the back electrode (Fig-

ure 4.8). These structures exhibit a continuous

square lattice pattern over an extensive area

with minimal defects. This is mainly due to

the reliability of the soft NIL technique that

we use on the fabrication of such devices, and

further proves its reproducibility and viability as a large-scale manufacturing technique.

SEM cross-section images provide us with a lot of information about both layer composition and

thickness. As we see in Figure 4.8, layers are not only clearly defined, but the nanostructure is

really visible and easily identifiable on both the active layer and the back electrode, with the

thin HTL sandwiched in the middle. These cross-section images were crucial in determining

the complete coverage of the active layer by the HTL, further discussed in Appendix B.1:

Nanostructure Electrical Optimization.

Nanostructure Design

To have a significant response in the NIR region, we need to nanostructure the active layer of

the device to provide it with light trapping properties at wavelengths below the band gap of the

BHJ materials. We decided to use a nanostructure composed of an array of cylindrical pillars

that collectively act as a diffraction grating, in-coupling light into propagating modes within

the active layer. With FDTD simulations, performed by Dr. Molet, we were able to engineer the

optimal photonic structures for our photoactive materials while we got useful insights about
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Figure 4.9: Dispersion relation of the wavelength vs parallel wavevector of the incident light for
a) P3HT:PC61BM and b) PBTTT:PC71BM blends. The first diffraction orders of the photonic
crystal arrays with lattice parameters of 400, 500 and 600 nm (blue dashed lines) grants to the
incident light the necessary momentum to couple to the guided modes within the semiconductor
material in the CTS range of absorption (a) red and b) purple lines). Figure adapted from: J.
Mater. Chem. C, 2020, 8, 9688190

light propagation within the device. As a result of our simulations, we decided that array lattice

parameters (L) of 400, 500 and 600 nm (from now on also referred to as L400, L500 and L600)

provided guided modes with a wide enough wavelength range within the NIR region. We can

see in Figure 4.9 that their first order of diffraction is distributed along the absorption range of

the CTS of our active materials. This in-coupling phenomenon provides efficient light trapping

in specific wavelength ranges below the band gap of the active layer materials, thus selectively

improving CTS absorption.

The photonic crystal is able to change the momentum of impinging light by 1.57 cm-1 for

L = 400 nm, 1.25 cm-1 for L = 500 nm and 1.05 cm-1 for L = 600 nm for the first diffraction

orders. This extra parallel momentum added to the initial k⃗ = 0 cm-1 (in the case of normal

incidence) gives the ability for specific wavelengths to be in-coupled to guided modes within

the active layer. These specific wavelengths are 750 nm, 835 nm, and 1010 nm for L400, L500

and L600 respectively, for the case of P3HT:PC61BM (Figure 4.9 a)) and 775 nm, 900 nm and

1080 nm for L400, L500 and L600 respectively, for PBTTT:PC71BM (Figure 4.9 b)). These

wavelength values are in good agreement with the EQE NIR peaks shown in the following

section (4.5.1: EQE Curves Figure 4.12), for each lattice parameter and active layer material.
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Simulations

To calculate the potential enhancement of the CTS absorption, we decided to perform some

optical simulations for our photodetector device. These simulations were performed using the

FDTD method by my fellow colleague, Dr. Molet.

The simulations consist of two full device layer stacks, one with a shallow 60 nm nanostructure

and the other without any nanostructure at all. The lattice parameter we chose for the

simulations was L500, because it was located in the middle of our range and the expected

absorption enhancement fell not too far nor too close from the absorption tail of our materials.

We can see in the simulations that the calculated absorption spectrum of the L = 500 nm

PBTTT:PC71BM shows a series of peaks around 900 nm that correspond to the resonance

modes seen in Figure 4.10. These peaks are in good agreement with the measured external

Figure 4.10: (a) Calculated absorption of the fabricated devices with fully coherent light (grey
dashed) and 150 micron coherent light (red). (b) External quantum efficiency measurements
for a PBTTT:PC71BM nanostructured photodetector with a lattice parameter of L = 500 nm.
Sample scheme for nanostructured and flat devices (c), (d) and calculated electric fields at
wavelengths 862 and 907 nm (e), (f) and (g), (h). Figure adapted from: J. Mater. Chem. C,
2020, 8, 9688190
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quantum efficiency that we will see in later subsections, confirming the effect of the photonic

architecture within our device. We also examined the spatial distribution of the electric fields

at the wavelengths of maximum response, which correspond to resonant modes. The electric

field distribution at 862 nm and 907 nm is represented for both the nanostructured and the

flat devices. In the planar device, the electric field presents a standard plane-wave distribution,

while in the nanostructured devices a diffraction pattern appears inside the active layer, with

field enhancements of around 6 times the incident power. This leads to the conclusion that the

enhanced optical path in the active layer, caused by the diffraction modes of the nanostructure,

will provide higher CTS absorption within the studied wavelength ranges.

4.5 Nanostructure Electrical Optimization

Although it was outside the scope of this thesis to perform a full photodetector optimization, in

order to manufacture functional devices, certain parameters required optimization. The main

three parameters to be optimized were the active layer of our devices, their dark current and

annealing conditions, namely temperature and time. Although this process is briefly summarized

in this section, a more detailed explanation can be found in the appendix of this thesis.

The first parameter that needed optimization was the dark current, which was significantly higher

in nanostructured devices than in their flat counterparts. Since the dark current of a device

ultimately limits its lowest detection threshold, also known as its noise equivalent power, we are

interested in decreasing it as much as possible.294 However, the higher dark currents present

in our nanostructured photodetectors increase their noise, raising their detection threshold.

We attribute these high dark currents to the high current leakage caused by a non-conformal

coating of the HTL. In this way, the back electrode was in direct contact with the active layer,

hindering the function of the HTL.

After exploring various approaches such as depositing thicker hole transport layers or manu-

facturing our photodetectors with a Schottky barrier, the most effective solution was to make

the nanostructure features shallower. These shallow nanostructures were conformally coated by



4.5. Nanostructure Electrical Optimization 101

the HTL with a similar optical response, which resulted in much lower dark currents of around

10 nA cm-2 with a reverse bias of 1 V and 1 µA cm-2 at 15 V, with similar electrical performance

to the non-nanostructured photodetectors. As we will see in the following sections, these values

are similar to previously reported dark current values for similar organic solar cells.

The thickness of the active layer was another characteristic that required optimization, because

of the compromise between the low absorption coefficients in the NIR and the low charge

mobilities in organic semiconductors.193 On the one hand, the NIR absorption coefficient of

our active layer materials is very low, so active layers must be thick to efficiently absorb in

this wavelength range. However, because the charge mobility of organic semiconductors is also

limited, a really thick active layer will exhibit lower charge extraction efficiencies, limiting device

performance.

To balance these two factors, we manufactured several nanostructured devices with different

active layer thicknesses and measured their EQE enhancement factor. This factor is the relation

between the EQE of the nanostructured photodetectors and the EQE of the flat photodetectors

at a given wavelength. These devices showed reduced dark currents and great EQE enhancement

factors in the NIR, with an optimal active layer thickness of 700 nm for P3HT:PC61BM and

1600 nm for PBTTT:PC71BM, which were used in the rest of the study. This difference in

optimal active layer thickness is attributed to the higher charge mobility of PBTTT:PC71BM

when compared with P3HT:PC61BM.

As a side result of this optimization, we confirm that the thickness of the active layer does not

significantly affect the central peak wavelength where the EQE is enhanced, as opposed to other

devices previously reported in the literature, making this process interesting for manufacturing

purposes.57,219

Finally, we optimized the annealing characteristics for the active layers. This procedure is

used to control the active layer crystallinity, which greatly affects the performance of OPV

devices, making it a common procedure in the world of OPV.172 In this study, we have seen that

both P3HT:PC61BM and PBTTT:PC71BM active layers exhibit enhanced performances after
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the annealing process. These show increases of up to 1.8 fold and 8.7 fold for P3HT:PC61BM

and PBTTT:PC71BM respectively. This process proved to be a crucial step, especially for

PBTTT:PC71BM where the intermixing greatly affects the CTS absorption.

In summary, the devices were manufactured as explained in Section 4.4.2: Materials, with an

active layer thickness of 700 nm for P3HT:PC61BM and 1600 nm for PBTTT:PC71BM. We

used the same annealing process for the two materials at a temperature of 135°C for 20 minutes.

4.5.1 Device Characterization

FTIR Spectra

In order to evaluate the optical performance of our devices, as well as the reliability of our

nanoimprinting method, we used both the SEM, as we have seen in previous sections, as well as

FTIR spectroscopy, to measure transmission and reflection spectra.

The various FTIR spectra obtained from flat and nanostructured OPDs immediately indicate

that the optical properties are significantly dependent on the lattice parameter. This difference

is apparent already with the naked eye (Figure 4.11 (right)). As we can see in Figure 4.11 (left),

the difference between flat and nanostructured devices is clearly noticeable, especially in the

NIR region where our photonic crystals have been designed to have maximum light absorption.

Not only do we have significant absorption peaks, but their wavelength behaviour is also in

agreement with our initial hypothesis, where the absorption peak of the largest lattice parameter

nanostructure (L600) is further into the infrared, whereas L500 is much closer to the visible.

While these peaks are clearly visible, the peak for L400 has been completely overshadowed by

singlet absorption. Finally, we can observe the weaker higher-order absorption peaks, for both

L500 and L600, which are closer to the visible but are much weaker than the main peak.
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Figure 4.11: FTIR absorption spectra of PBTTT:PC71BM based devices for various nanostruc-
ture lattice parameters as well as flat reference (left). Picture of a finished device exhibiting
different iridescence characteristics for different photonic crystal lattice parameters. From top to
bottom: L = 400, L = 500 and L = 600 nm (right).

EQE Curves

One of the most important features of photodetectors in general is their spectral response. That

is why EQE curves are one of the most useful pieces of information for any photodetector.295–297

The EQE curves extracted from our nanostructured OPD devices showed several peaks in the

NIR that were absent in the reference flat samples (Figure 4.12). These peaks were present for

both active layer compositions, and they were consistently present on nanostructured devices

with different lattice parameters, while being completely absent in any of the flat samples. That

led us to the conclusion that they must have been related to the nanostructured active layer

and back electrode configuration.

In the same graph, we see that the spectral range at which the EQE is enhanced by the photonic

crystal structure is clearly dependent on the lattice parameter of the nanostructures, as well as

the refractive index of the active layer, as predicted by our previous simulations. We see that

EQE enhancement peaks are red-shifted with larger lattice parameters and higher active layer

refractive indexes, in accordance with our initial hypothesis.



104 Chapter 4. Enhancing OPV Performance with 2D Nanoimprinted Photonic Structures

Figure 4.12: External quantum efficiency measurements for non-structured (flat) and differently
nanostructured photodetectors (L400, L500 and L600) with an active layer of P3HT:PC61BM
(left), PBTTT:PC71BM (right). Figure adapted from: J. Mater. Chem. C, 2020, 8, 9688190

Devices with the shortest lattice parameter (L400) are the ones that exhibit the lowest enhance-

ment factor of around 1.6 and 1.7 fold for P3HT:PC61BM and for PBTTT:PC71BM respectively

(Figure 4.13). This enhancement is located within the tail of the singlet absorption, hence it is

overshadowed by its performance. However, in that same figure we can clearly distinguish a

narrow peak located at 750 nm for P3HT:PC61BM and two twin peaks between 750 nm and

775 nm for PBTTT:PC71BM that indicate a small enhancement.

For devices nanoimprinted with the L = 500 nm photonic crystal, the enhancement is much

more pronounced. We can see in Figure 4.12, that their EQE peaks reach over 2% for both

PBTTT:PC71BM and P3HT:PC61BM, being well below their respective band-gaps. Their

flat counterparts, on the contrary, show much lower EQE values, around 0.4% in the same

wavelength region. The photoresponse of P3HT:PC61BM devices in the 800–850 nm region (Fig-

ure 4.12 (left)), shows a 4-fold enhancement factor at its maximum at 837 nm (Figure 4.13 (left))

when compared to the flat reference sample, achieving a maximum absolute EQE value of 2.4%.

For the same lattice parameter, devices based on PBTTT:PC71BM exhibit EQE peaks deeper

into the NIR (850–920 nm), with a 5 fold increase in efficiency at its maximum at 907 nm,

reaching absolute EQE values slightly over 2% (Figure 4.12 (right) and Figure 4.13(right)).
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Figure 4.13: Ratio between nanostructured and flat EQE curves (Enhancement Factor) for
three different lattice parameters and two different active layer materials; P3HT:PC61BM (left),
PBTTT:PC71BM (right).

Finally, nanoimprinted devices with L = 600 nm lattice parameter show EQE enhancement

peaks that reach much deeper into the NIR, around 900–1050 nm for P3HT:PC61BM and around

950–1100 nm for PBTTT:PC71BM. However, since absorption in this region is very limited,

EQE values only reach maximum values of around 0.5% (Figure 4.12 red lines). This lower

overall performance can be attributed to the lower values of the CTS absorption coefficient at

higher wavelengths, being lower for P3HT:PC61BM than for PBTTT:PC71BM.219 Even though

the absolute performance in these regions is lower than that of smaller lattice parameters, it

is worth noting that the enhancement effect is the greatest. We see that in P3HT:PC61BM

based devices, EQE peaks have a local maximum at 1000 nm where a 5.8 fold enhancement is

reached (Figure 4.13 (left)). And for PBTTT:PC71BM based devices, performance is 6 times

better than its flat counterpart (Figure 4.13 (right)).

We decided to focus our efforts on continuing with a full electrical characterization of the

PBTTT:PC71BM L500 photodetector, since it was the one that exhibited the most interesting

characteristics, having peaks far in the NIR region while still maintaining a significant EQE

response.
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Figure 4.14: EQE measurements with various reverse applied V bias from 0 V to 23 V for (top)
nanostructured and (bottom) non-structured (flat) PBTTT:PC71BM photodetectors. Figure
adapted from: J. Mater. Chem. C, 2020, 8, 9688190

Photoconductivity

To increase the response of our photodetectors, it is an interesting strategy to measure their

EQE in a photoconductive mode, with a reverse V bias. In this mode we can enhance charge

extraction in our devices, overcoming their low overall mobility, particularly undesirable in thick

active layers, while keeping the reverse V bias within realistic operating values. We can see

that the EQE of our nanostructured photodetectors increases from ∼2% to 7.5% at its peak

(907 nm), while the flat reference still lies below the 2% mark upon applying a 23 V reverse

bias (Figure 4.14). The fact that the spectral response is completely independent of the applied

bias confirms that the enhancement is based on a purely optical phenomenon.

Responsivity

As we have discussed in Section 1.2.6, another interesting figure of merit which provides insight

into photodetectors, is the spectral responsivity. For our photodetectors, we measured the

responsivity at different reverse bias voltages in order to measure its saturation value for both

flat and nanostructured devices.
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Figure 4.15: Responsivity of PBTTT:PC71BM photodetectors at different wavelengths for
both nanostructured and flat devices at zero V bias (left). Responsivity at 907 nm for different
V bias of L = 500 (nanostructured) and non-structured (flat) PBTTT:PC71BM photodetector
(right). Figure adapted from: J. Mater. Chem. C, 2020, 8, 9688190

We have observed that, in our organic photodetectors, responsivity saturation occurs at much

higher bias voltages for nanostructured devices (28 V) than those of planar devices (12 V)

(Figure 4.15 (right)). This further confirms that the charge generation enhancement comes from

the nanostructure, since, as stated in Section 1.2.5: Operation Modes, at high reverse V bias

the vast majority of charges generated by the photodetector are efficiently extracted. That is

why we can attribute the higher responsivity saturation to an enhanced absorption within the

active layer, since a higher amount of generated charges requires a higher reverse bias to fully

extract them all.

If we compare the responsivity of flat and nanostructured devices, we can also see that the

nanostructured, L = 500 nm PBTTT:PC71BM based device, shows a responsivity of 15 mA W-1

while its flat counterpart exhibits only 3 mA W-1 at 907 nm. (Figure 4.15 (left)). We can

increase the responsivity with a reverse bias, which, at its saturation point of 23 V, reaches

54 mA W-1 for the nanostructured device, versus the 9 mA W-1 that the flat counterpart exhibits

at the same voltage (Figure 4.15 (right)).

Even though the performance of our OPDs is still low compared to that of singlet absorption

based OPDs, our device performance is on the same order of magnitude as that of OPDs

reported in the literature that use similar strategies, such as those reported by Meridith et
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al.57 Furthermore, our nanostructured OPD performance in the NIR is similar to other CTS

absorption based photodetectors that need to work under extremely high reverse biases of up to

200 V.279,298

Dark Current

Figure 4.16: Dark current of both flat and L = 500
nanostructured devices at various reverse V bias.
Figure adapted from: J. Mater. Chem. C, 2020, 8,
9688190

The main problem with the nanostructuration

process has been the formation of pinholes

within the HTL due to inhomogeneous cover-

age, as discussed in Section 4.5: Nanostruc-

ture Electrical Optimization. However, after

solving the major issues related to pinhole for-

mation, we are left with similar dark currents

for both nanostructured and flat devices (Fig-

ure 4.16). Taking into account the large area

of our photodetectors (8mm2), the measured

dark current is rather low at 10 nA cm-2 with

a reverse bias of 1 V and 1 µA cm-2 at 15 V. These values on the same order of magnitude as

those reported in the literature for these materials.72,299–302 Especially considering the fact that,

with solution processing, dark current does not tend to scale monotonically with photodetection

area. The reason is primarily that there is a much higher probability of defect formation on

larger devices, leading to a dramatic increase in dark current.303

On/Off Ratio

The On/Off ratio is the ratio between the signal and the noise power levels under given light

power density conditions. It gives an intuitive feeling of the photodetector output signal when

exposed to a certain amount of light. The illumination conditions are set to the wavelength of

maximum EQE enhancement and the setup’s maximum available power.
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Figure 4.17: On/Off ratio of flat (dashed line)
and L500 PBTTT:PC71BM based nanostructured
devices at different wavelengths and reverse V bias
from 1 V (red) to 23 V (green). Figure adapted
from: J. Mater. Chem. C, 2020, 8, 9688190

By significantly lowering the dark current

of our devices with our brief optimization,

we have been able to increase the on/off

ratio of our nanostructured photodetectors

to up to 850 for our L500 devices at -

1 V and 907 nm, when illuminated with

3.5 mW cm2. That value is 5.5 times higher

than the one measured in our flat photode-

tectors (On/Offratioflat = 150) which further

confirms that the dark currents after the nanos-

tructuring process are similar to before, while the responsivities are enhanced. These values are

on the same order of magnitude as other organic photodiodes reported in the literature, such as

those reported by Zhu et al. and Jahnel et al.67,304 In the case of L600-based devices, the on/off

ratio is drastically reduced due to the reduced absorption in the deeper NIR region, however,

it is still at 15 for the nanostructured photodetectors, while in our flat equivalents the on/off

ratio is just 3. The on/off ratio is still consistently superior in the case of our nanostructured

OPDs with higher reverse biases, as we can see in Figure 4.17. However, as it is usual with these

kinds of photodiodes, the noise escalates faster than the signal under high reverse biases, so the

overall on/off ratio decreases with the applied voltage.

Transient Response

In addition to all the static electrical characterization, we evaluated the time response of our

photodetector. While performing a full frequency study is beyond the scope of this work, we

wanted to have a rough estimate of the frequency range in which our photodetector could operate.

The main motivation of this test is that the low mobility and large area of our photodetectors

could lead to a slow response, and nanostructuring the back electrode, thus increasing its surface

area, had the potential to considerably increase the capacitance of OPD, ultimately hindering

the device response time.305
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Figure 4.18: Time dependent normalized pho-
toresponse measurement for flat and L = 500
PBTTT:PC71BM based nanostructured devices at
0 V bias. Figure adapted from: J. Mater. Chem.
C, 2020, 8, 9688190

However, when measuring the transient pho-

tocurrent, our OPDs exhibit response times

on the order of a hundred microseconds at

0 V bias, which were approximately equal

in both nanostructured and flat devices (Fig-

ure 4.18). These results confirm that the ca-

pacitance of our devices is not significantly

affected by the nanostructuring of the active

layer. We chose to perform these measure-

ments at a 0 V bias because photodiodes tend

to exhibit their slowest responses when no ex-

ternal field is applied.

Light Dynamic Range

Figure 4.19: Measured linear dynamic range of
L500 PBTTT:PC71BM nanostructured photodetec-
tor at 0 V bias. Figure adapted from: J. Mater.
Chem. C, 2020, 8, 9688190

For the sake of completeness, we measured the

linear dynamic range of our nanostructured

photodetectors. As we can see in Figure 4.19,

the response of our nanostructured OPDs is

linear within our measuring range of 50 dB,

exhibiting an r2 value of 0.999 and a slope

of 0.986, for the case of an L500 nanostruc-

tured device, illuminated with monochromatic

light at 907 nm. The combination of the r2

value and the fact that the slope is really close

to 1, confirms that the response of our pho-

todetector is highly linear within the measuring range.

We must say that our setup was somewhat limited in the power output range available, so this

linearity will most likely extend further in both directions when measured with the proper setup.
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4.5.2 NIR Multiwavelength Photodetector

As a final test, we decided to evaluate the spatial homogeneity of our nanostructuring technique,

and the resulting photodetectors. For that, we fabricated large continuous ITO electrode

photodetectors on a microscope slide and we nanostructured areas of 1 cm2 with the three

different lattice parameters, L400 L500 and L600, while leaving the rest of the photodetector

area flat, to be used as a reference. We chose to use PBTTT:PC71BM as our active layer

material, since it exhibited the best CTS enhancement at higher wavelengths.

To measure photodetector performance spatial distribution, we used the technique discussed in

Chapter 2.3.1: LBIC Maps. However, we must say that being highly localized, the measurements

had to be performed with a low magnification microscope objective, which slightly changed the

wavelength dependence of our photodetectors’ EQE enhancement.

We can clearly see in Figure 4.20 that the nanostructured regions of the photodetector exhibit

an enhanced EQE response in the NIR region compared to the flat areas surrounding them.

On top of that, we can also see that the overall enhancement and performance are rather

homogeneous along the photodetector, with small gradual shifts that we can attribute to slight

thickness variations resulting from imperfections during the blade coating process. The latter

further confirms that EQE enhancement is not strongly related to thickness variations, but is

completely derived from the nanostructuration of the active layer.

A deeper analysis of the photodetector response at different excitation wavelengths clearly

reveals how the absorption enhancement of the CTS greatly depends on the lattice parameter,

as we have seen with previous EQE data (Figure 4.12). If we carefully examine each LBIC map

with different excitation wavelengths, we can see that, when illuminating with light at 710 nm,

all three patterns exhibit similar responses, since they all provide diffraction at these wavelengths

where singlet tail absorption is still present (Figure 4.20 (a)). Even though there is not a clear

difference between the patterns, they all significantly outperform the non-patterned regions,

which are depicted in blue around the nanostructured regions due to their lower photoresponse.
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Figure 4.20: Light beam induced photocurrent (LBIC) maps of a large area continuous back
electrode photodetector, at 3 different excitation wavelengths: (a) 710 nm, (b) 941 nm and (c)
1032 nm, with 3 different nanostructured zones. From top to bottom: L = 400, L = 500 and
L = 600 nm. Figure adapted from: J. Mater. Chem. C, 2020, 8, 9688190

We attribute this generalized enhancement to the fact that, even though the magnification of

the microscope objective is low, the slight angle range at which light impinges on the substrate

increases the probability that at least some photons have the right k⃗ vector for being in-coupled

into the active layer.

When we increase the wavelength, however, we start to clearly differentiate the diffraction

capabilities of the different lattice parameters, since, with an illumination wavelength of 941 nm,

the diffraction modes of the L400 nm are not able to incouple such large wavelength photons.

That is why we cannot see any response enhancement in that region of the map, while L500

and L600 are still able to incouple most of the NIR light, still with a remarkable enhancement

(Figure 4.20 (b)). Nevertheless, we clearly see that even though both lattice parameters exhibit

an enhanced response, L500 shows the highest photocurrent at this illumination wavelength,

further confirming the results obtained previously in 4.5.1: EQE Curves.
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Finally, when we increase the wavelength all the way up to 1031 nm, the only region that still

exhibits a significantly enhanced response is the region nanostructured with the L600 pattern.

The other two regions are practically invisible in the image, a fact that is in accordance with all

previous electrical characterization results (Figure 4.20 (c)).

Interestingly, each lattice parameter presents an enhanced response in different parts of the

spectrum, in a series of peaks within a narrow range. With this configuration, by varying

the lattice parameter, we can create 3 separate 1 cm2 “pixels” on a single substrate, which

respond to different parts of the spectrum. This monolithic photodetector, if correctly calibrated

using the EQE data, can be used as a spectrometer or a camera based on only one active layer

material, emulating the RGB strategy, but in the NIR. Thus, the photodetector of Figure 4.20

can be considered as a crude artificial NIR eye.
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4.6 Conclusions

In this chapter, we have explored the possibility of nanostructuring the active layer of organic

solar cells based on different active layer blends. The nanostructuring of P3HT:PC61BM solar

cells resulted in an enhanced Jsc which is in accordance with previous simulations. However,

nanostructured solar cells exhibited a lower FF, attributed to higher leakage currents than

their flat counterparts. The resulting nanostructured solar cell efficiencies were similar for

both nanostructured and flat devices, suggesting that, with further optimization, a higher

efficiency nanostructured device is feasible. On the other hand, PBDB-T:ITIC-based solar

cells were not successfully nanostructured without any additives because of the high glass

transition temperature of the active layer. Using DIO as a plasticiser resulted in successful active

layer nanostructuring, but its effect on the crystalline properties of the active layer material,

significantly hindered cell performance.

Although it has not resulted in a significant increase in efficiency for P3HT:PC61BM based

organic solar cells, there has been no significant decrease in efficiency, which proves that the

nanostructuring process is feasible and its effects on the electrical properties of the cell are

minor.

On the other hand, we have reported a new organic photodetector architecture, based on an

inverted BHJ, which is capable of detecting light at wavelengths significantly below the band gap

of either of its active layer components. This has been achieved by enhancing the absorption and

the subsequent electrical response of the CTS absorption present in active layer blends based

on P3HT:PC61BM and PBTTT:PC71BM. This CTS absorption enhancement was achieved by

the incorporation of a photonic nanostructure within the active layer of the device via soft

nanoimprinting lithography. Active layer deposition and subsequent nanostructuration were

performed using highly scalable, roll-to-roll compatible techniques, which increase the industrial

appeal of our devices.
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We also performed a limited optimization study that resulted in fully functional nanostruc-

tured devices with dark currents similar to those of their flat equivalents. In addition,

nanostructuration-driven EQE enhancement wavelength range proved to be rather insensi-

tive to thickness variations, offering appealing fabrication tolerances, further increasing its

commercial potential. Furthermore, we have used active layer materials that are inexpensive,

simple, and easy to produce, making them ideal for large-scale manufacturing.

Several critical measurements, such as photodetector detectivity or complete dynamic range

measurement, could not be performed because they required the use of specialized equipment

and expertise, which we did not possess at the time of the experiments. Despite these limitations,

we do believe that our characterization provides meaningful insight and thoroughly describes

the behaviour of our photodetectors. The variety of techniques used to characterize our

photodetectors agree with the superior performance of nanostructured OPDs in the NIR spectral

region compared with their flat counterparts, mainly due to an enhanced CTS absorption.

On top of that, we have been able to enhance the CTS absorption of our devices at different

wavelength ranges, in a controlled manner, by changing the lattice parameter of our nanostructure.

This capability allows us to accurately tune the wavelength response of our NIR photodetectors

by enhancing the electrical response in the wavelength range of interest. In summary, we have

developed wavelength-tunable NIR organic photodetectors by making use of CTS absorption

and photonic crystals, opening new opportunities for the use of active layer materials beyond

their individual band-gaps.



Chapter 5

Organic Solar Cells and Heat

Abstract

In this chapter, we will study the relationship between the performance of high efficiency

organic solar cells and operational temperature. The main hypothesis of this chapter is that

the temperature dependence of charge mobility can be exploited to increase OPV performance.

In other words, we want to test if the performance of organic active layers can be increased

by operating the cell at a mild temperature. To do so, we will characterize a series of solar

cells, based on 10 high-efficiency photoactive layer blends, while exposing them to realistic

operational temperatures (from 298 K to 348 K), to evaluate the relationship between their

electrical performance and active layer temperature.

We have manufactured a series of solar cells, mainly focusing on state-of-the-art materials, such as

NFAs, to enhance their electrical performance by subjecting them to different temperatures while

trying to avoid irreversible morphological transformations. Our main efforts have been focused on

systems based on PBDB-T:ITIC active layers, which show significant and highly reversible PCE

improvement at higher than ambient temperatures. In the same experiments, we have studied

how this temperature driven performance enhancement depends on the thickness of a given

device, as this can be of great technological interest, especially for roll-to-roll manufacturing

processes. Besides, we have been working in collaboration with several colleagues, who have

performed a series of simulations and morphological characterizations, to better understand the

changes this photoactive material undergoes when exposed to different temperature conditions.

116
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As an important part of this chapter, we have designed and built from scratch a fully customized,

temperature controllable substrate holder that can heat up and cool down the solar cells from

273 K to 363 K (0-90°C). This setup allowed us to perform a thorough characterization of

all the different photoactive material-based solar cells accurately, quickly, easily, and in a very

repeatable manner within this wide temperature range.

5.1 Introduction

For most solar cells, a significant portion of the incoming sunlight spectrum is not absorbed

in the photoactive layer. Instead, most of it is either converted into phonons or reflected back

into the vastness of space.306–308 This fraction, which does not have a significant contribution

in most conventional PV technologies, mainly consists of NIR and IR photons.309–311 These,

otherwise lost photons could be efficiently converted into electrical energy by using a tandem

configuration,312,313 or even better, a hybrid thermoelectric system that could absorb the energy

of the entire IR range.88,314,315 However, since these systems are usually cumbersome and

expensive, the added complexity and cost do not compensate the extra efficiency obtained,

especially during the scale up process.316,317 A revolutionary alternative would be to directly

absorb these photons within a conventional solar cell, using their energy to raise the active layer

temperature in order to increase the solar cell’s performance.

It is a well known fact that solar cell performance is greatly dependent on temperature.318,319

This dependence is generally negative for most solar cell technologies, like bulk silicon and

InGaAs based solar cells, leading to reduced performance at higher temperatures.320,321 As we

will see in following sections, this reduced efficiency generally results from a minuscule increase

in Jsc at higher temperatures, associated with a lower band gap that leads to the absorption

of a slightly wider portion of the spectrum, combined with a significant drop in the Voc of the

solar cell, which arises from higher reverse saturation currents322

Even though this trend, where Voc decreases with temperature, is shared amongst the majority

of PV technologies, the temperature dependence of other factors, such as absorption, charge
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mobility and charge recombination will ultimately determine the overall PCE temperature

dependence of a solar cell.323 In conventional solar cell technologies, these factors do not have a

strong dependence on temperature, so they cannot compensate for the significant reduction in

both Voc and FF.324,325 Nevertheless, in emerging technologies such as OPV, charge mobility is

much more dependent on temperature and, whilst the temperature dependence of the Voc is still

negative, its variation range is much smaller.326–328 This combination makes it possible that,

for some systems and within certain temperature ranges, organic solar cell performance can

increase at higher temperatures.329,330 For these systems, higher temperatures have a significant

impact on active layer charge mobility, which can heavily affect the FF and the Jsc by enhancing

charge extraction. This effect is especially pronounced in thicker organic solar cells, which

suffer from lower overall electrical conductivity and hindered charge extraction.331,332 Within

the temperature range where this enhancement in charge mobility overshadows the inevitable

decrease in Voc, organic solar cell performance will have a positive correlation with temperature.

This phenomenon has been already reported in the literature for widely studied materials such as

the ubiquitous P3HT:PC61BM with good results, as we will see in the following sections.329,330

The main disadvantage of these systems is that they have been reported to be unstable at

elevated temperatures, forming PCBM dimers and undergoing morphological transformations.333

Nonetheless, with new higher efficiency blends emerging ever more frequently, the OPV material

paradigm is constantly evolving. This paradigm has seen a major change with the advent of

NFAs and high-efficiency polymers, which provided new active layer compositions which are, to

the best of our knowledge, yet to be thoroughly studied.

As a preliminary proof of concept, Dr. Jurado performed a series of PCE measurements for

two commercial solar cell modules, one organic and one based on silicon, while simultaneously

measuring their temperature as sunlight was heating them. These first results, which can be

seen in Figure 5.1, show two very different behaviours, where the silicon solar cell efficiency

quickly drops as it heats up, while the organic one rises. This is a really interesting result,

because it clearly shows that the temperature response of organic solar cells is not necessarily



5.1. Introduction 119

Figure 5.1: Temperature evolution of the efficiency of a commercial OPV device (bottom green)
and a commercial silicon PV device (top blue). Device temperature versus time (red line).
Figure adapted with explicit permission from the work published in J. Mater. Chem. C, 2021,9,
2123-2132334

the same as that of conventional PV technologies, suggesting the possibility of overall higher

performance at higher temperatures. Further details about these experiments can be found in

the work published in J. Mater. Chem. C, 2021,9, 2123-2132334

Motivated by the literature and these preliminary results, in collaboration with Dr. Jurado and

Dr. Vega as part of a larger study, we investigated the temperature-dependent performance of

10 different donor-acceptor blends. These were manufactured with an active layer thickness

gradient, which allowed us to assess the effect of temperature on PCE as a function of solar cell

thickness. As a result of this material screening study, we decided to perform further electrical

and morphological characterization on devices manufactured with PBDB-T:ITIC as the active

layer, because they exhibited the greatest temperature dependent PCE increase as well as high

temperature stability.

In order to perform temperature dependent measurements for all these systems, we needed a

way to accurately tune and control the temperature of the samples during the measurements.
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However, since we use pre-scaling, microscope slide sized substrates, which are not widely used

in the world of OPV, there were no commercial solutions available for temperature studies

that fit our substrates.335–337 To solve that problem, we decided to build our own temperature

controllable holder, by using Peltier elements, which allow us to quickly heat up and cool

down our samples anywhere from 273 K all the way up to 363 K (0-90°C). The ability to

quickly change the temperature proved to be useful to discern between irreversible and reversible

performance changes, where time is a crucial factor. On the same note, we also needed to

measure all 24 cells of each substrate as fast as possible at each given temperature, in order

to measure them under the same conditions, trying to minimize time-related morphological

changes. With that in mind, this setup was integrated with the “Pika Demultiplexer”, discussed

in previous chapters, to seamlessly switch through every cell as fast as possible, while measuring

them all. As part of this chapter, we will explain the entire prototyping process and working

principles of this setup.

To further characterize morphological changes, Dr. Edgar Gutiérrez Fernández and Dr. Jaime

Martín have analyzed our PBDB-T:ITIC active layers before and after thermal cycling using

GIWAXS and GISAXS, to detect any changes in active layer blend morphology. In parallel,

Dr. Jenny Nelson and Dr. Mohammed Azzouzi performed drift diffusion simulations, modeling

the electrical behaviour of our PBDB-T:ITIC based organic solar cells, in order to rationalize

the origin of the performance enhancement observed in our experimental results. Besides, as

part of his thesis, Dr. Jurado further continued this study by performing more in depth electrical

characterization, temperature dependent EQE and mobility measurements, which will be briefly

mentioned in this chapter.

My specific role within this project has been focused on the design and manufacture the

temperature regulable holder. I have also participated in the fabrication of almost all solar

cells used during the study, with a minor contribution to the measurements. Finally I have

collaborated in the data analysis and have extracted my own conclusions from the experiments

which are stated in the end of this chapter.
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5.2 State of the Art

5.2.1 Temperature Irreversible Transformations

Temperature variations can have non-reversible effects on OSC, which mainly revolve around

morphological changes such as phase segregation and recrystallization.338,339 These morphology

changes are the basis of annealing processes, where crucial properties such as charge transport,

absorption, or recombination mechanisms are finely adjusted by tuning film microstructure

with different annealing conditions.172,340 Selective recrystallization of such films can lead to

bigger crystalline domains for both donor and acceptor. Optimum crystalline domain size is

usually translated into higher absorption and/or better charge transport properties.329,341 Such

morphological changes can also affect recombination mechanism ratios, which can be adjusted

to lower overall charge recombination by tuning annealing process parameters.342

However useful this temperature dependence can be, such irreversible processes play an im-

portant role in solar cell degradation, and OSCs are no exception to that rule.343–347 Being

constantly exposed to the sun, solar cells can experience elevated temperatures (323-353 K).

Unfortunately, in many systems, these high temperatures lead to a decrease in performance

over time.348–351 Nonetheless, the temperatures reached during normal OSC operation are far

below the decomposition temperature of its composing materials, which means that this thermal

instability is more related to structural changes.352–354

Within the active layer, alongside many environmental factors (heat, oxygen, light, and humidity),

one of the main degradation processes are the same morphological changes that can otherwise

be used to tune the performance of our solar cell.355–357 In a way, the active layer is under

constant annealing conditions, when exposed to repeated heat cycles caused by temperature

shifts between day and night. If we combine this constant temperature cycling with the fact that

the optimal active layer morphology is usually metastable, these constant temperature shifts can

accelerate its transition towards a thermodynamic equilibrium, even with moderate temperature
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variations.358–360 This problem can be further exacerbated by the fact that polymer mobility

sharply rises above its Tg, potentially leading to immediate device degradation above a certain

threshold.361–363 This shift towards a thermodynamically stable state is usually associated with

significant phase separation, which greatly reduces donor–acceptor interface area, thus hindering

exciton separation and overall charge transport within the active layer.364–366

Apart from affecting the donor-acceptor interface, temperature can also have a significant

effect on the interface between the charge transport layer and its adjacent layers, namely the

active layer and the charge collection layer. In the charge transport layer-active layer interface,

morphology changes in the latter can create gaps between the two layers, which has been

reported to lower the charge extraction efficiency.367,368 On the other hand, temperature can

dramatically increase the diffusion rate of metal atoms from the contact into the charge transport

layers, severely decreasing their selectivity, and lowering overall device performance.369–372

To mitigate these temperature-related instabilities, organic solar cell synthetic chemists have

turned their attention to the chemical tunability of non-fullerene acceptors. Their synthetic

flexibility opens up a new door for blend morphology engineering, offering the possibility to

add thermal stability as one of the main priorities. By tuning the film deposition conditions

and molecular design, they can control the molecular organization behaviour of NFAs within

the active layer, greatly decreasing temperature-induced morphological changes.373 There are

some examples of such temperature stable NFA-based active layer blends in the literature,

such as PTB7-Th:COi8DFIC, that exhibit optimal donor-acceptor miscibility and domain size,

endowing the cell with both better performance and improved shelf life stability.374,375 Besides

these special cases, general-use NFAs have also been reported to undergo reduced performance

degradation at higher temperatures, when compared to fullerene-based acceptors, thanks to

their higher morphological stability, which arises from a lower molecular diffusion within the

active layer, preventing them from aggregating and recrystallizing.376 Recent studies show that

aggregation and recrystallization are the main driving factors of thermal instability in NFA

based OSC, and they can be mitigated by vitrifying the active layer blend.377
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5.2.2 Temperature Reversible Processes

In addition to nonreversible transformations, there are other reversible changes that occur in

solar cells when exposed to different temperatures. However, predicting the effect of these

changes reliably is not easy, because some characteristics such as charge mobility, exciton

generation or recombination, which ultimately determine PCE, are strongly dependent on other

parameters such as active layer morphology, thickness and light intensity.378–382 However, within

a certain temperature range, active layer blends with a temperature invariant morphology, can

exhibit enhanced donor-acceptor electron transfer rates and increased charge mobilities when

exposed to higher temperatures, since their main charge transport mechanism is accurately

described by thermally activated hopping.141,383

Higher charge mobilities and exciton dissociation rates will be translated into higher Jsc with

increasing temperatures, which will level off above temperatures where charge mobility is no

longer the limiting factor. This is only true within the temperature range where the AL

morphology is thermally stable, since, whenever we surpass a certain threshold, morphological

changes will distort and overshadow this otherwise reversible enhancement.329,384

Higher temperatures can also lead to an increase in the recombination rate, which in combination

with charge transport will greatly affect the FF of OPV devices.378 These two factors will

be in a tight compromise, but as long as charge extraction is not overshadowed by charge

recombination, the FF will increase with temperature. As an example, Bagienski et al. found

that, for a P3HT:PC61BM solar cell, the fill factor had a positive correlation with temperature

from 263 K to 343 K, above which the trend reverted towards lower fill factors.330,383

While the temperature dependencies for Jsc or FF are slightly more intricate, being indirectly

related through charge mobility and recombination, the general relation between Voc and

temperature, even though counter-intuitive at first, can be directly derived from the diode

equation of the solar cell. As we have already seen in Section 1.2.2, at first sight the Voc seems

to have a positive dependence on temperature (Equation 5.1).
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Voc = nkbT

q
ln
(

Jl

J0
+ 1

)
(5.1)

This is a misleading interpretation of the equation, endorsed by the fact that both experimental

data and previously reported literature show the opposite trend. This contradiction arises

from the fact that the Jo term in Equation 5.1 also depends on temperature, changing much

more rapidly than the linear T term. However, this negative trend is less pronounced in

organic semiconductors than in their inorganic counterparts, resulting in lower Voc losses at

higher temperatures, as we will see in future sections. A more in depth exploration of the

Voc-temperature relation calculations can be found in the appendix of this thesis.

5.3 Materials and Methods

In this study, a variety of organic solar cells based on different active layer materials were

manufactured and characterized to evaluate their temperature-dependent performance. These

systems were fabricated in collaboration with Dr. Jurado and Dr. Vega as part of a bigger project,

in order to identify if there is a general relationship between the performance of NFA based

blends and temperature. Even though we will discuss the results obtained with all studied

materials, in this thesis we will mainly focus on results obtained with PBDB-T:ITIC active

layers, because of its high thermal stability and overall good temperature related performance

enhancement.385

Devices were fabricated with an inverted architecture, similarly to those of previous chapters,

consisting of an ITO substrate, an ETL based on ZnO nanoparticles, the photoactive layer, a

MoO3 HTL and the final silver electrode. For a more detailed fabrication procedure description,

the reader is referred to Chapter 2.1. In order to study the thickness dependence, the active

layers were manufactured with a thickness gradient, by varying the blade coater speed from

80 mm s-1 down to 5 mm s-1, resulting in active layer thicknesses in the range between 300 nm

all the way down to 75 nm (Figure 5.2). With this deposition configuration, we obtained two

cells for each thickness, increasing the reproducibility of our results.
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Figure 5.2: Pre-scale up device with an active layer
thickness gradient resulting in 24 (12+12) different
thickness solar cells, deposited via blade coating with
a decelerating blade speed.

For these measurements, each substrate,

which consists of 24 pixels, was measured

through at least one full heat cycle, which

consists in heating the substrate from 293 K

to 353 K and then cooling it back down to

293 K. Measuring during substrate heat-

ing as well as during cooling provided in-

sight into the reversibility of temperature-

dependent changes. The temperature range

was chosen to simulate various realistic so-

lar cell operation conditions, from milder, more temperate climates, like southern Europe,

to hotter, more extreme climates such as those found in the Arabian peninsula.386,387 This

temperature range can also simulate the implementation of light absorption based systems to

artificially raise cell temperature by solar photothermal conversion. Besides, these temperature

ranges are similar to those used in OPV stability testing.388 These temperature dependent

performance measurements consisted of individual JV-curves for each pixel, performed at 11

temperatures, evenly distributed within the previously mentioned temperature range, resulting

in ∼800 individual JV curves for each material.

In order to study temperature-induced morphological changes, PBDB-T:ITIC active layers

were deposited using the same conditions onto glass and silicon pristine substrates. These

samples were sent to our collaborators Dr. Edgar Gutiérrez Fernández and Dr. Jaime Martín,

who characterized their morphology using GIWAXS on the NCD-SWEET beamline at the

ALBA synchrotron, and GISAXS on the SAXS beamline at the Elettra synchrotron radiation

facility, in Trieste.

In parallel, in collaboration with Dr. Jenny Nelson’s group at London Imperial College, Dr. Mohammed

Azzouzi performed drift diffusion simulations to investigate how device performance is related

to pixel thickness, light intensity and temperature.
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As part of his thesis, Dr. Jurado further continued this study by performing temperature

dependent EQE measurements, as well as SCLC and light intensity dependent measurements to

determine electron and hole mobility at different temperatures.

5.4 Hot n’ Cold Setup

5.4.1 Concept and Construction

Figure 5.3: Preliminary temperature dependent
PCE measurement setup with a hotplate and cells
connected using alligator clips and paper insulation.

To measure our devices at various tempera-

tures, we performed some preliminary experi-

ments by heating them with a hot plate, while

connecting each substrate separately with alli-

gator clips (Figure 5.3). As expected, this mea-

surement setup had multiple disadvantages: it

did not provide controllable homogeneous tem-

peratures across the substrate; lowering the

temperature during the cooling cycle was re-

ally slow due to the high thermal mass of the

hotplate; and the electrical connections to each

of the cells were sub-optimal and manually op-

erated. To improve the reproducibility of our results, we tried to acquire a commercial solution

for temperature-dependent OPV characterization. However, we were unable to find any com-

mercial solution to perform this study, because of our bigger than usual pre-scale up substrates,

which, being more focused on blade coating, are not that commonly used in OPV research.

Therefore, we decided to build our own setup, which we appropriately named “Hot n’ Cold”.

As the first step of the prototyping process, we summarized the requirements the setup has to

fulfill, which are the following:
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• Pre-Scale Up Substrate Adaptability: It has to adapt to our pre-scale up microscope
slide sized substrates, providing electrical contact to each pixel and the ground electrode.

• Temperature Controllable: It has to be able to accurately regulate solar cell temperature,
which has to be homogeneous along the substrate, and maintain it within a small tolerance.

• High Athermation∗: It has to be able to heat up and cool down (athermate) quickly, to
allow for faster measurements and to prevent non-reversible changes from occurring if not
desired.

• Fast Demultiplexing: It needs to be able to electrically connect the characterization
equipment to each of the pixels on a substrate and switch between them as fast as possible,
to measure every cell under virtually the same conditions.

• Small Form Factor: It needs to be compact enough to be put under the solar simulator
and inside the EQE setup, as well as somewhat portable so that it can easily be moved
around through these setups.

Taking into account these requirements, the “Hot n’ Cold” setup was divided into 3 main

components: A modified version of the “Pik demultiplexer”, for the electrical connections and

demultiplexing; a temperature management system, to athermate the substrate as quickly and

efficiently as possible; and custom substrate holder to attach the substrate to the setup, while

electrically connecting each cell to the multiplexer and efficiently transferring heat to and from

the substrate.

Since the temperature management system had to be compact, portable and high power density,

the most logical choice was to use Thermoelectric Modules, aka Peltier Modules, which are

electrically driven heat pumps based on the thermoelectric effect. Being heat pumps, these

modules provide both heating and cooling capabilities integrated in one single device, replacing

the need for messy and bulky water cooling systems or slow air cooling solutions, which would

have been needed to complement typical electrical resistive heating elements. We are aware that

phase change based heat pumps are much more efficient cooling solutions, but at such small

scales they really compromised the small form factor of the apparatus without providing any

significant advantage over thermoelectric modules.
∗Athermate: Undergo a change in temperature. -“Internal combustion engines need to be resistant to

athermation” Etymology: Adapted from accelerate (ad-celerare), to change velocity, resulting in athermate
(ad-thermare), to change temperature.
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Figure 5.4: Exploded view of the complete “Hot n’ Cold” Setup, with all the elements tagged
and numbered from top to bottom.
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Figure 5.5: View of the core elements that compose the Hot n’ Cold setup, which are the basis
for the entire contraption.

Over the next paragraphs we will discuss in detail the configuration of the “Hot n’ Cold” setup,

which can be seen in an exploded view in Figure 5.4. In this chapter, we will only discuss the

final optimized version of the setup, but we want to note that there have been earlier, more

rudimentary versions that evolved towards the final optimized setup.

Thermoelectric modules do not have the capacity to generate or sink heat on their own. Their

working principle is that of a heat pump, where they transfer heat from one side of the module

to the other when electrically powered. Conveniently, they can be operated in two different

modes, being able to pump heat towards either side depending on the current direction flowing

through the module. Because of this working principle, in order to reach and maintain high or

low temperatures on one side, we needed to place the thermoelectric modules in direct contact

with a big enough heatsink that provides a large heat reservoir to source and sink heat from,

otherwise the entire module heats up due to resistive losses.
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Figure 5.6: (a) Copper block round stock before
machining it (right) and after (left). (b) Hand mill
machining during mechanization process.

Therefore, as we can see both in Figure 5.4

and in Figure 5.5 in more detail, the two ther-

moelectric elements (8) that power this en-

tire setup are sandwiched between a copper

piece (7), which will be in contact with the

solar cell substrate (3), and a big heatsink (9),

which will act as the constant temperature

heat reservoir. To keep a small form factor,

we decided to place that heatsink (9) directly

below the thermoelectric elements (8), with

the copper block on top (7) (Figure 5.5). The

choice of placing the heatsink upside down poses a great compromise to its dissipation effi-

ciency, but this was a necessary compromise to keep a compact form factor and enable top cell

illumination, so we decided to mitigate the effects later in the design process.

The copper block (7) is used as a heat interface that thermally connects the thermoelectric

elements (8), placed below, with the center of the substrate (3), on top (Figure 5.5). This

copper piece (7) serves both as a buffer, to even out any possible temperature gradients caused

by inhomogeneities within the thermoelectrics (8), and as a thermal mass, to smooth any

short-term temperature fluctuations.

This copper block (7) was carefully machined to be slightly narrower than the substrate, so that

the cell terminals on the edge of the substrate could be electrically contacted without clearance

problems, while being able to efficiently transfer heat to the centre of the substrate. The block

is shaped so that it has two lateral steps that are used to clamp it down to the thermoelectric

modules to provide a good thermal interface (Figure 5.6). Atop these steps, two lateral holes

were drilled to insert two thermocouples that are used to probe the temperature on each side

of the block, providing feedback not only on the block’s temperature but the temperature

distribution, useful to detect a failing thermoelectric module.
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Figure 5.7: Semi-exploded view of the top ele-
ments that keep the copper block, the thermoelectric
modules and the substrate firmly clamped together
to ensure good thermal contact. It also keeps the
pogo pins in place to ensure good electrical contact.

For practical reasons, we decided to keep the

multiplexing board (14) outside of this con-

traption by placing it on the bottom of the

heatsink (9). However, since the substrate (3)

and the multiplexing board (14) need to be

electrically connected, we had to drill sev-

eral holes through the heatsink (9) to run

the contact cables. These cables connect the

pogo pins (5) with the bottom multiplexer

board (14) (Figure 5.8), working as an exten-

sion that enables the separation between the

substrate and the board, so that we can keep

everything as compact and sturdy as possible.

Figure 5.8: Earlier main block (4) version
where we can see all the connections exposed
and the rib cage (6) holding them separate,
as well as holding the pogo pins in place.

In the upper part, to hold the substrate (3) onto

the copper bar (7), as we can see in Figure 5.7, we

designed a 3D printed contraption made of 3 sepa-

rate parts, which are the following: the rib cage (6),

which holds the cables coming from the bottom of

the heatsink (9) and their connections separate (Fig-

ure 5.8) and wraps around the copper block (7); the

main block (4), which goes over the rib cage (6) to

hold the pogo pins (5) in place and clamps tightly

against the heatsink (9), sandwiching together the

thermoelectric modules (8) between the copper block (7) and the heatsink (9), and ensuring

constant thermal contact, as well as encasing the rib cage (6) with all the connections secured

in place; And finally, on top of all that, a separate substrate clamp (1), that screws onto the

main block (4) to provide pressure between the substrate (3) and the pogo pins (5) to ensure

good electrical contact, with a rubber gasket (2) to prevent substrate damage.
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In order for the 3D printed parts, made from polylactic acid (PLA), to hold their shape at the

elevated operating temperatures for long periods of time, we performed a remelting/annealing

process that endowed the 3D printed parts, which needed to operate at high temperatures

with the necessary thermal stability. This process is explained in full detail in this chapter’s

Appendix Section C.2.

Figure 5.9: Bottom view of the “Hot n’ Cold Setup” show-
ing the various control circuit boards as well as the frame and
legs that provide mechanical support to the entire structure.

The Pika multiplexing board had to

be slightly modified to accommodate

two more connections from the Ar-

duino nano into the temperature con-

trol circuit. In order to measure

the temperature, instead of using the

same Arduino, which at this point had

all its pins already in use, we imple-

mented a commercial solution: Yoc-

topuce’s Yocto-Thermocouple (17).

This is a USB enabled microcontroller

that reads the temperature from the

two thermocouples and, by communi-

cating with the Arduino, they can both accurately control the temperature of the substrate.

We want to note that, with the latest Pika demultiplexer board, this Arduino pin limitation

is completely overcome. Therefore, the next versions of the “Hot n’ Cold” setup, will use the

Arduino to read the substrate temperature and control the thermoelectrics, making the setup

more self-contained.

The Yocto-Thermocouple (17) was attached below the Pika board (14) with a 3D printed

fixture (16) directly soldered onto the board, as well as a cable tidier (15) to wind the excess

thermocouple cable. In order to hold the multiplexer board (14) in place, and to provide the

entire setup with a base for better stability, we added legs (18) and a frame (13), neatly wrapping
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everything together (Figure 5.9). These legs (18) were bolted to the heatsink (9) through

threaded holes, and were held on the top by the frame (13) that conformed to the shape of the

heatsink (9), wrapping around its corners. This frame (13) has four mounting spots for four

axial fans (12) that provide the heatsink (9) with active air cooling, ensuring that it operates

efficiently even when placed upside down.

The thermal control circuit (19), further described in Section C.3, also has some components

that require active cooling, so they are directly attached to the heatsink (9) to dissipate the

generated heat, and as a side benefit, they provide an attachment point for the electrical

circuit (Figure 5.10). To provide extra mechanical support, there is an additional plastic

structure (20) below the circuit that prevents the attached electrical components from carrying

all the mechanical load during operation.

Figure 5.10: Image of the thermal control circuit
attached to the heatsink through 4 MOSFETs, with
a base below for additional mechanical support

As a power source, we used a DC fixed voltage,

15 V power source that provided up to 22 A,

for a total max power output of 330 W. This

power source also has inrush and overcurrent

protection to minimize fire hazards that arise

from working with components with power

densities on the same order of magnitude of a

regular hotplate.389

On the same note, we decided to add another layer of fire protection in the form of a fail-safe

thermal interrupter (10), chastened by a previously molten setup. This thermal interrupter (10)

is directly clamped on the heatsink (9) and completely shuts off the power to the thermoelec-

tric modules (8) if the heatsink (9) is above 60°C. During the failure, the fans (12) are left on,

to quickly cool down the heatsink (9) so that the experiment can continue, while a bright red

LED on the temperature control circuit board (19) indicates that there has been some kind of

failure.
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Figure 5.11: QR
code to access the
“Hot n’ Cold” reposi-
tory fabrication files.

The complete fully assembled “Hot n’ Cold” setup can be seen in Fig-

ure 5.12, where both a top and a bottom view show the exterior appearance

of this contraption. On the top version we can see how the main block

perfectly aligns the cell contacts with the pogo pins to eliminate poor

electrical connection issues. Note that the top lid is missing in this picture

to fully show the substrate in the assembly.

All the files necessary for the construction of this setup can be found in the public repository

located in the link below, or by scanning the QR code from Figure 5.11: https://github.com/

minusmagis/Nanopto_Hot_n_Cold_PCB

Figure 5.12: Pictures of the finished “Hot n’ Cold” setup both from a top view (a) and a
bottom view (b).

5.4.2 Software and Operation

As we have seen in the previous section, the temperature control circuit board can be operated

with two digital signals, which can be controlled directly from the Pika demultiplexer’s Arduino

nano. Two of the Arduino pins are connected to the “+/-” and “PWM” pins on the circuit board,

https://github.com/minusmagis/Nanopto_Hot_n_Cold_PCB
https://github.com/minusmagis/Nanopto_Hot_n_Cold_PCB
https://github.com/minusmagis/Nanopto_Hot_n_Cold_PCB
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which control the current direction and the power level, respectively. Besides that, we needed

to slightly modify the Arduino Pika demultiplexer firmware to control these two extra pins.

This small modification consisted in the addition of a new command, through which we can

control if we heat up or cool down, and with how much power. This command is composed of a

letter which can be either “H” or “C” for hot and cold, and a number with 3 digits from 000

to 255 that indicates the duty cycle of the PWM signal, effectively the amount of power the

thermoelectrics receive for the selected mode. For example, if we sent the command “H125”,

the Arduino would understand that it needs to heat the substrate, at half of the maximum

power, so it would set the “+/-” pin to heating and it would send a PWM signal with a 50%

duty cycle to the “PWM” pin.

Figure 5.13: Graphical user interface front view
of the control software that operates the entire
“Hot n’ Cold” setup, controlling the temperature and
the JV measurements simultaneously.

The Pika demultiplexer board and the Yocto-

thermocouple are connected through a Lab-

VIEW script written by Dr. Jurado (Fig-

ure 5.13), where, by polling the temperature

and actuating the thermoelectrics in a closed

feedback loop, we are able to finely control

the temperature of our substrate within <1°C

without overshooting. In addition, this soft-

ware takes care of all the JV measurements at

different temperatures, as well as all the data

processing and file saving. The user just needs to specify the temperature ramp parameters, as

well as the JV parameters, and the software performs a temperature sweep, stopping at every

specified temperature step and performing a JV curve for each of the cells as fast as possible.

With the finished setup up and running, we were fully prepared to study the performance of a

wide variety of organic solar cells as a function of temperature.
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5.5 Photoactive Materials Screening

In order to evaluate whether there was a general trend in temperature-dependent performance,

we manufactured and characterized several solar cells with a variety of active layer materials to

evaluate their behaviour at different temperatures. The results are summarized in Figure 5.14,

where we have separated the materials into 3 groups according to their behaviour with tem-

perature, which are: materials with non-reversible decreasing performance with increasing

temperature (Figure 5.14 (a)); materials with reversible decreasing performance with tempera-

ture (Figure 5.14 (b)); and materials with reversible increasing performance with temperature

(Figure 5.14 (c)).

The photoactive materials of the first group (Figure 5.14 (a)) are the ones that undergo some

kind of degradation or performance decrease with thermal cycling, namely PBDB-T-2Cl:ITIC-

4F, PBDB-T-2Cl:Y6 and PBDB-T:PC71BM. For the PBDB-T:PC71BM and PBDB-T-2Cl:Y6

systems, performance stabilizes after the first temperature cycle, eliminating any temperature

dependence after having lost a 33% efficiency for PBDB-T:PC71BM and a 15% for PBDB-T-

2Cl:Y6. It is a well known fact that PCBM tends to crystallize out of the active layer blend

and form dimers at high temperatures, which has been reported to severely affect solar cell

performance, which could explain this behaviour on the highest part of the temperature range,

especially for unannealed samples.356,363 In the case of PBDB-T-2Cl:Y6, we see that the

efficiency does not immediately drop, but at higher temperatures performance starts to decrease,

while for the case of PBDB-T-2Cl:ITIC-4F, the degradation was constant and it did not stop

after the first heat cycle. The remarked permanent performance decrease of these two polymers

at higher temperatures could be related to their lower crystalline packing when compared to

their non-halogenated and fluorinated counterparts.390

In the second material group, we find P3HT based systems (Figure 5.14 (b)), which do not

exhibit any performance increase at higher temperatures, rather the opposite. Their performance

is slightly inferior at higher temperatures, changing in an approximately reversible manner
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Figure 5.14: PCE evolution as a function of temperature and temperature cycling for different
active layer materials that exhibit (a) permanent PCE decrease, (b) reversible PCE decrease,
and (c) reversible PCE increase.

with a negligible change in performance for P3HT:PC61BM and less than a 4% decrease for

P3HT:O-IDTBR. We attribute this temperature stability to the fact that these active layer

materials are annealed during their fabrication, at 135°C and 120°C for P3HT:PC61BM and

P3HT:O-IDTBR respectively, greatly stabilizing their active layer morphology.391–393 This

stabilization has been previously reported in the literature where conjugated polymer films

exhibited a “temperature memory effect”.394 Alongside these two materials we bundled the

results of devices based on a PBDB-T-2F-ITIC:4F active layer, which also show a somewhat

stable behaviour after temperature cycling, at least when compared to the ones on the first
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group, especially taking into account the lack of any annealing step during its manufacturing.

Nevertheless, this material does exhibit a downwards trend with a PCE reduction of around

6% after the first temperature cycle. The higher temperature stability of fluorinated PBDB-T

blends, as opposed to chlorinated ones, has been previously related to their higher crystalline

packing, making them inherently more stable at higher temperatures.390

Material Name Reversible Change (%) Irreversible Change (%) Annealing

PBDB-T-2Cl:Y6 -5.7 -15.9 no

PBDB-T-2Cl:ITIC-4F -14.3 -15.2 no

PBDB-T:PC71BM -22.8 -32.9 no

P3HT:O-IDTBR -3.1 -3.5 yes

P3HT:PC61BM -6.2 0.0 yes

PBDB-T-2F:ITIC-4F -6.6 -6.3 no

PBDB-T:O-IDFBR 42.3 -6.0 no

PBDB-T:ITIC-4F 25.2 2.8 no

PBDB-T:ITIC 14.9 4.3 no

PBDB-T:EH-IDTBR 24.7 -3.0 no

Table 5.1: Reversible and irreversible change coefficients calculated from the ratio between the
initial and final efficiencies (Irreversible Change) after one thermal cycling and the efficiency ratio
between the initial and the efficiency at the highest temperature (348 K) (Reversible Change).

Finally, the third group exhibits a highly reversible behaviour with an increased PCE at higher

temperatures, which englobes the systems based on PBDB-T as a donor and either of the

following acceptors: ITIC; ITIC-4F; EH-IDTBR; and O-IDFBR. This reversible enhancement in

performance is generalized for every different acceptor within this material group, ranging from

a 15% to a 42% increase (Table 5.1). These blends also show some degree of irreversibility that,

for blends containing ITIC or ITIC-4F, results in a slight permanent PCE increase, whereas

for those containing EH-IDTBR or O-IDFBR leads to a small permanent performance drop.

This irreversibility behaviour of ITIC blends will be further explored in the next sections.

Nevertheless, all of these PBDB-T-based photoactive material blends show a greater PCE at
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higher temperatures, suggesting that this donor could be one of the main drivers for temperature-

related performance enhancement, since of all materials tested, only those containing this polymer

show a significant PCE enhancement at high temperatures.

As mentioned above, since active layers based on PBDB-T:ITIC showed the best enhancement

factors, a good thermal stability, as well as the highest overall PCE of the materials within the

last group, we decided to focus our characterization efforts on this material in order to further

understand this phenomenon.

5.5.1 Temperature Dependent Electrical Characterization

Further JV characterization of PBDB-T:ITIC active layers with thickness gradients can be

seen in Figure 5.15, which shows the behaviour of four JV curve parameters, namely PCE, Jsc,

Voc and FF, at various temperatures, for a variety of different active layer thicknesses. These

parameters are measured during the first temperature cycle for the heating part, from 298K to

348K, as well as for the cooling part of the cycle back to 298K.

The experimental results reveal a strong positive relation between temperature and PCE that

also depends on the active layer thickness. There appears to be a general performance increase

at higher temperatures, being much more pronounced for thicker active layer cells, with a

71% PCE increase for the thickest 290 nm cell, and more modest for thinner cells, with a

PCE enhancement of around 9%, at the highest measured temperature of 348K. In thicker

cells, this efficiency increase occurs much more markedly at lower temperatures, leveling off

as temperatures rise, while thinner cells exhibit a similar behaviour but with a much more

gentle slope, indicating a weaker temperature dependence (Figure 5.15 (a)). This behaviour is

mainly driven by the Jsc sharply rising with temperature and slowly leveling off, combined with

a steadily increasing FF. When combined with the decreasing Voc, the sharp Jsc and FF rise is

softened, resulting in a steady increase in PCE.

However, if we compare the PCE at the beginning and at the end of the measurement, it is

clear that it has permanently increased (by 23%) after the entire temperature cycle, indicating
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Figure 5.15: Temperature dependent parameters for a complete temperature cycle, of PBDB-
T:ITIC based organic solar cells with different active layer thicknesses. Measured parameters are
(a) PCE and (b) Jsc, FF and Voc from top to bottom.

that there are some non-reversible effects that are permanently enhancing the PCE of the solar

cell, which we will investigate in later sections.

Figure 5.15 (b) (bottom) shows that, for both phases of the temperature cycle, Voc decreases

monotonically with temperature, with a constant slope of around -1 mV K-1, much lower than

the one reported for silicon solar cells (-2.2 mV K-1).320 This behaviour is in good agreement

with the reported literature, where it has been attributed to a shift in the quasi-Fermi levels of

the photoactive material.395,396 Similarly to the PCE, after a complete temperature cycle, the

Voc has increased by 2.4% indicating some non-reversible behaviour that permanently improves

the Voc of this device, albeit by a small amount.

On the other hand, there is a positive correlation between Jsc and temperature for every pixel

thickness, where the thicker active layers have a more pronounced response. Figure 5.15 (b) (top)

shows that the slope of the curve is steeper for thicker cells at lower temperatures, leveling off as

temperature increases, until only for the thickest cells the trend seems to reverse after 340K. The

results of Figure 5.15 (b) (top) would agree with the hypothesis stated above, where, at higher
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temperatures, charge mobility would be improved, resulting in a higher Jsc. In accordance with

the hypothesis, this effect would be more pronounced for thicker cells, where charge mobility

plays a much more critical role on the overall performance.

In this same figure we can see that the major driver of the PCE’s non-reversible behaviour is a

permanent increase in the Jsc after the temperature cycle of 26%. This permanent increase in

Jsc could indicate a morphological change, which could be increasing charge mobility within the

active layer, as we will see in later sections. Even with this permanent enhancement, Jsc still

exhibits a positive correlation with temperature, with a reversible performance increase of 8%

and an average slope of 17.2 µA K-1.

Finally, in Figure 5.15 (b) (middle), the FF shows a positive relation with temperature, along

the entire temperature range, with an enhancement of 40% at the highest measured temperature

of 348 K and an average slope of 0.3% K-1. This significant enhancement, which is highly

reversible, seems to be the main driving factor of reversible PCE increase, alongside the smaller

Jsc contribution. This positive relation is present for all thicknesses, again being more pronounced

for thicker active layers. Upon closer examination, the latter show a small slope dip at lower

temperatures in the first heating half-cycle, which is not present in the following cooling half-

cycle. This fact suggests a possible non-reversible morphological transformation occurring at

these temperatures, which prevented the fill factor from immediately rising, as opposed to

thinner devices, where the FF starts to rise immediately. The fact that this dip is present only

for thicker cells, at temperatures where their Jsc drastically increased, and that it disappears

for the cooling cycle suggests that it is caused by the non-reversible behaviour of the cell on

the first heat cycle, which could be related to an initial burn in.397 However, an initial burn in

would not be in agreement with the initial sudden rise in Jsc.

To visualize the temperature performance dependency at different thicknesses and to compare

with the following simulation results, we plotted the previous data versus active layer thickness,

providing us with a different way to visualize the results obtained (Figure 5.16). These graphs

make more apparent the stronger dependence between temperature and thickness, as well as
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Figure 5.16: Temperature dependent parameters for a complete temperature cycle from
Figure 5.15, plotted versus active layer thickness. Measured parameters are (a) PCE and (b) Jsc,
FF and Voc from top to bottom.

the differences between the performance enhancement in the heating and cooling half-cycles.

This figure also remarks the strong dependence of the fill factor with thickness, as well as the

relatively invariant Voc at different active layer thicknesses.

5.5.2 Further Characterization

Grazing Incidence X-Ray Scattering Characterization

The irreversible behaviours of both the Jsc and the Voc during the first heating half-cycle suggested

a change in active layer morphology, which could explain the permanent PCE enhancement

after the first temperature cycle. To evaluate any changes in active layer morphology, we

prepared several layers of PBDB-T:ITIC, which were analysed using GIWAXS and GISAXS by

Dr. Edgar Gutierrez and Dr. Jaime Martín. These techniques are specially oriented towards the

characterization of surface thin film morphology, as explained in Chapter 2.3.3. By measuring

the samples before and after annealing the active layers at 90°C for 10 min, they evaluated if

there was any significant transformation in the morphology, while obtaining insight on the type

of transformation.
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Figure 5.17: GISAXS spectrum for pristine and
90°C annealed PBDB-T:ITIC thin films.

The GISAXS spectra of the pristine and an-

nealed sample (Figure 5.17) show no difference

in the present diffraction peak position or their

general intensity. Nevertheless, we can see a

slight general increase in the scattering inten-

sity for the annealed sample. The GIWAXS

spectra further confirm the lack of any ma-

jor morphological change after annealing the

samples, since the resulting scattering maps

are practically identical (Figure 5.18 (a)). To

perform a more quantitative evaluation, Dr. Edgar Gutierrez integrated the GIWAXS spectra

into two curves, in-plane (>45°) and out-of-plane (<45°) (Figure 5.18 (b)), where we again see

that the major peaks do not change significantly neither in position nor in intensity, and the

only difference we observe is a slight increase in the overall scattering intensity.

Figure 5.18: GIWAXS intensity maps for pristine and annealed PBDB-T:ITIC thin films
(left). Integrated GIWAXS spectra for the same films in two components: in-plane (>45°); and
out-of-plane (<45°)
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These results confirm that there is no major change in active layer morphology at such low

temperatures, which are significantly below the Tg of the active layer blend, around 470 K.398,399

The slightly raised scattering intensity, however, could be explained by the fact that ITIC

blends can undergo diffusion-limited crystallization well below their Tg.398–400 During this

recrystallization process, which does not significantly change the overall crystalline structure of

the film, ITIC crystalline domains become slightly larger, increasing phase separation in the

active layer and thermally stabilizing the device. This low-temperature-induced non-reversible

phase separation has been associated with an increase in performance in previously reported

literature.399,401,402 A slight enlargement of ITIC crystalline domains could explain the increased

scattering intensity, without any major diffraction peak changes, as well as the irreversible

increase in Jsc in the first heating half-cycle. These larger ITIC domains provide enhanced

charge mobilities that result in a significant performance enhancement.402

Drift Diffusion Simulations

In parallel, Dr. Mohammed Azzouzi simulated the electrical behaviour of our PBDB-T:ITIC

solar cells by using the drift diffusion model, to evaluate the role of recombination and charge

mobility as a function of temperature. These simulations assumed a p-i-n band structure, with

the active layer as the intrinsic layer, and the p and n layers as the HTL and ETL respectively

(Figure 5.19). This layer stack was assumed to have no series resistance and perfectly ohmic

contacts, as well as equal electron and hole mobilities with non-geminate recombination as the

main recombination mechanism.

Two parameters were studied as a function of temperature: the charge carrier mobility; and

the non-geminate pair rate formation, which is directly related to the recombination rate. To

model these parameters, we use Equations 5.2 and 5.3 which describe the behaviour of charge

mobility and non-geminate pair formation according to previously reported literature.403,404

µ(T ) = µ300K e

(
Ea,µ

kb
( 1

300K
+ 1

T )
)

(5.2)
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Figure 5.19: Device model considered in the paper. (a) Representation of a bulk heterojunction
organic solar cell device, representing the different layers of the device stack. (b) Energy level
diagram representation of the device. Figure adapted with explicit permission from the work of
Azzouzi et al.403

Equation 5.2 describes the dependence of charge mobility on temperature, where µ is the charge

mobility, Ea,µ is the charge carrier mobility activation energy, T is the device temperature, and

kb is the Boltzmann constant. µ300 was set to 2x10-4 cm2 V-1 s-1, which is a typical value for this

active layer blend.405

The next equation (5.3) describes the temperature dependence of the non-geminate pair

formation from free charges, which is directly related with the recombination rate:

kfor(T ) = kfor(300K) e

(
Ea,kfor

kb
( 1

300K
+ 1

T )
)

(5.3)

Where kfor is the rate of non-geminate pair formation, Ea,kfor
is the non-geminate pair formation

activation energy, T is the device temperature, and kb is the Boltzmann constant. kfor was set to

1x10-11 cm3 s-1, which, according to previous studies is a realistic estimation for this coefficient.403

Having two variable parameters, the most logical approach was to simulate four main cases, two

where each of the activation energies would be separately evaluated as a function of temperature,

one where they are both simultaneously dependent on temperature, and the trivial solution.

This trivial solution case, which was the first to be simulated, was the one where the two

variables are completely temperature independent, assessing the most fundamental changes

when there is no change in mobility or recombination with temperature.
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This simulation case (Figure 5.20) shows a Voc decrease at higher temperatures for all active

layer thicknesses, similarly to the Jsc of the thinner devices. On the other hand, the FF and Jsc

of thick devices show a moderate increase until the middle of the temperature range, where the

trend reverses, bringing them down to the starting values at higher temperatures. Combining

these three simulated values, the resulting efficiency decreases at higher temperatures for all

active layer thicknesses, rendering a simulation that does not resemble our experimental results,

with the exception of the Voc, which shows a similar trend.

In the second case (Figure 5.21), we evaluated the recombination rate in isolation, setting

Ea,kfor
to 0.4, while keeping charge mobility independent of temperature. In this simulation, Voc

behaves in a similar manner as in the previous simulation, decreasing with temperature. At room

temperature, this Voc is slightly lower than in the previous case, but it appears to be less affected

by high temperatures, where its decrease is slightly less pronounced.406 Contrarily, the FF

and the Jsc are severely affected by the increased recombination at higher temperatures, being

significantly lower for every active layer thickness. This fact agrees with our hypothesis and the

Figure 5.20: Drift diffusion simulation results, (a) Voc, (b) FF, (c) Jsc and (d) efficiency, for
temperature independent recombination rates and charge mobility (Ea,kfor

= 0 and Eaµ = 0).
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previously reported literature, where higher recombination rates will result in a competition

between charge extraction and charge recombination, lowering the Jsc and the FF through a

lower Rsh.378 Nonetheless, this results in a decreasing efficiency at higher temperatures, which

is still not in accordance with our experimental measurements, with the exception of Voc.

In the third case, we simulate the opposite scenario, where charge mobility dependence with

temperature is evaluated in isolation. For this, we set Ea,µ to 0.4, resulting in a mobility change

of an order of magnitude (from 2x10-4 cm2 V-1 s-1 to 2x10-3 cm2 V-1 s-1) along the 300 K - 350 K

range, with a temperature independent recombination rate. In this case, the Voc behaves exactly

as it did in the first simulation, decreasing monotonically with temperature for every active layer

thickness. The FF exhibits a general increase at higher temperatures, being more pronounced

on thicker cells, confirming that with higher mobilities and the same charge recombination

coefficient, the resulting higher charge extraction will increase the FF. This effect is even more

pronounced for the Jsc, exhibiting a drastic increase at higher temperatures for thicker active

Figure 5.21: Drift diffusion simulation results, (a) Voc, (b) FF, (c) Jsc and (d) efficiency,
for temperature dependent recombination rates and temperature independent charge mobility
(Ea,kfor

= 0.4 and Eaµ = 0).
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layers where lower charge mobilities hinder charge extraction.407 On thinner active layers, where

charge extraction is not a limiting factor, the fundamental decrease in Jsc seen in previous

simulations dominates, resulting in a lower performance at higher temperatures. The resulting

efficiency is higher at higher temperatures for every active layer thickness, with thicker layers

exhibiting the greatest improvements. This simulation case agrees well with our experimental

results, strengthening the hypothesis that the temperature dependence of charge mobility is one

of the major drivers for performance enhancement.

In the final case, the two previous cases were combined to evaluate any synergistic interaction they

might have, by simulating a temperature dependence of both charge mobility and recombination

rate in the same system. The Voc behaves very similarly to previous simulations, closely

resembling that of the second case, but with a stronger dependence on temperature. Similarly,

the behaviour of Jsc and FF greatly resemble that of case 3, where the FF was enhanced for

every thickness, and Jsc was only increased for thicker cells. The main difference is that the

Figure 5.22: Drift diffusion simulation results, (a) Voc, (b) FF, (c) Jsc and (d) efficiency,
for temperature independent recombination rates and temperature dependent charge mobility
(Ea,kfor

= 0 and Eaµ = 0.4).
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FF enhancement is less pronounced with temperature, a fact that results from combining the

second and the third simulation cases, where higher recombination rates compete with higher

charge mobility at higher temperatures. In this case, however, charge mobility enhancement

dominates the increased recombination, resulting in a higher FF at higher temperatures. This

is translated in a higher efficiency at higher temperatures for every active layer thickness, with

thicker layers exhibiting the greatest improvement, but with a lower absolute improvement due

to the lower FF increase at higher temperatures. These results are still in good agreement with

our experimental data; however, the enhancement we see in the FF is lower than that of our

experimental results.

These two last simulation results are in good agreement with the experimental results reported

in the previous section, with a constantly decreasing Voc and generally higher Jsc and FF at

higher temperatures, especially pronounced in thicker layers. Comparing them quantitatively,

we see that Voc is generally lower in the simulations, but the simulated temperature dependence

is very close to that of our experimental data, with a slope of -1.15 mV K-1 for the simulations

Figure 5.23: Drift diffusion simulation results, (a) Voc, (b) FF, (c) Jsc and (d) efficiency, for
temperature dependent recombination rates and charge mobility (Ea,kfor

= 0.4 and Eaµ = 0.4).
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and -1.0 mV K-1 for real devices. Also, the Voc shows a much stronger dependence with thickness

in the simulations, as opposed to that of real devices.

Jsc values are similar as well, being higher overall in the simulations, with the exception, that

in the simulations higher temperatures are always detrimental for thinner active layers, while

real devices exhibit an increased Jsc at all active layer thicknesses, even the thinnest ones. Jsc

enhancements however, are significantly higher for the simulations, especially for thicker solar

cells.

Similarly to the case of the Voc, the FF exhibits a stronger dependence with thickness for

simulated devices than for real ones, with a lower FF for thicker active layers and a higher FF for

thinner layers than those reported in our previous experiments. The temperature dependence

of the FF in simulation case 4 closely matches that of real experimental data, with a 24.5%

enhancement ratio for the thickest active layers, in both simulated and real devices. The

exaggerated dependence between the FF and active layer thickness is reflected in the efficiency,

where, comparing the simulations with the experimental data, we see that simulated thin devices

exhibit higher efficiencies than real thin devices, whereas thick simulated devices perform much

worse than their real counterparts. This can be related to the fact that we have assumed the

donor acceptor interface to be an intrinsic region where the field is mainly set by the CTLs, while

in reality this region is a BHJ, with a much stronger electric field in the donor-acceptor interface,

which is less affected by changes in device thickness. Nevertheless, the general behaviour of

this parameter is in good agreement with experimental data, wherein the efficiency is higher at

higher temperatures for every active layer thickness, with this effect being more pronounced for

thicker devices.

The latter simulations are in good accordance with the experimental results, strengthening the

hypothesis that charge mobility enhancement at higher temperatures is one of the major drivers

of the reversible PCE enhancement. These results suggest that the increase in the recombination

rate within this temperature range and the decrease in Voc are not sufficient to overshadow the

charge mobility enhancement which drives FF and Jsc up.
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For further comparison between the different simulation results, we have assembled a figure

that summarizes them into a very compact and understandable way, which can be found in the

appendix of this thesis.

EQE and Mobility Measurements

As an expansion of this work, Dr. Jurado performed several additional measurements to gain

further insight into the temperature-dependent performance of PBDB-T:ITIC organic solar

cells, some of which have been included in this section for the sake of completeness.

Firstly, upon measuring the dependence of the EQE curves with temperature, we see that,

similarly to previous experimental results, thicker active layers exhibit higher temperature-

dependent performance (Figure 5.24). By measuring the EQE of these cells after the first

heating cycle, to remove any irreversible effect, we see that the EQE is mainly increased closer

to the band gap, while there is barely an enhancement around shorter wavelengths. At first, we

attributed this phenomenon to the fact that the absorption of photons with smaller wavelengths

results in higher energy charge carriers (hot carriers), which are promoted to lower occupation

levels, reaching the contacts faster. However, the ultra-fast charge thermalization times of

few nanoseconds reported in the literature led us to discard this hypothesis.408,409 Another

hypothesis that might explain this phenomenon is related to the charge separation efficiency,

which could be higher for hot carriers, since these have more energy to escape Coulombic

attractions. Previously reported literature points in the same direction, but without any

definitive answer yet.410,411

In our opinion, the most plausible hypothesis is that, this behaviour arises from an uneven

charge generation across a thick active layer. As we have seen in Chapter 4.4.1: Introduction, the

hindered performance of thicker active layers in regions where photoactive materials have a high

absorbance can be explained by charge collection narrowing. This phenomenon is characterized

by a higher charge generation in the active layer region closer to the front transparent electrode,

where most of the light is absorbed. This uneven charge generation distribution across the
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Figure 5.24: EQE curves for four different active layer thicknesses of PBDB-T:ITIC based
organic solar cells taken at different temperatures ranging from 298 K to 348 K.

active layer, combined with a high thickness, results in lower charge extraction. Nonetheless, by

raising the temperature and increasing charge mobility, charges generated on one side of the

active layer have a higher probability of reaching the other side. That is why, by heating the

active layer, charges generated with highly absorbed wavelengths will have a higher chance of

reaching the back electrode, resulting in an increased EQE within that wavelength range. We

can clearly see that the wavelength dependence of this enhancement is strongly related to the

absorption of the blend, because charges generated by the poorly absorbed UV-Blue regions,

which are more evenly absorbed throughout the active layer, are less affected by an increase in

charge mobility (Figure 5.24). For a more in-depth explanation of this phenomenon the reader

is referred to AppendixB.2: Active layer Thickness.

Even though the EQE values change in intensity at different temperatures, the lack of major

peak changes in the EQE curves in Figure 5.24 indicates that EQE enhancement at higher

temperatures is not related to morphological changes. These changes typically result in a major

deformation of the EQE curve, with a certain degree of unequal peak intensity changes and/or

slight band gap shifting, induced by changes in the crystalline structure and/or phase separation,
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which are present for all active layer thicknesses.340,412,413 In that same figure, we can see how

the EQE tail tends to flatten at higher temperatures for all thicknesses. We have zoomed in on

the curve of 97 nm as an example, but this trend is general for the four active layer thicknesses.

This behaviour can be explained by phonon-electron coupling that results in a slight red shift

and a broadening of the absorption for many materials, which are described by semi-empirical

relationships based on a Bose-Einstein phonon distribution.326,414–417 This is related to the

energy lowering of the quasi-Fermi levels, in agreement with the lower Voc at higher temperatures

that we saw in the experimental results.

These results reveal that the spectral response of a solar cell can be varied by controlling the

active layer temperature. This is an interesting fact because it confirms that we can increase

the performance of a solar cell by heating it up, but on a different note, it opens the possibility

to moderately regulate the spectral responsivity of OPV devices by accurately controlling their

temperature, which can be interesting in other OPV fields such as in organic photodetectors.

Figure 5.25: SCLC fit results with electron and hole
mobilities for PBDB-T:ITIC-based electron and hole
only devices with an active layer thickness of 160 nm
side by side with the efficiency of a similar thickness
device (163 nm).

Measuring the mobilities of our active layer

blend at different temperatures was the only

missing piece of this entire work. For that,

Dr. Jurado manufactured electron only and

hole only devices, where both charge trans-

port layers are either ETL or HTL, and

characterized them by performing SCLC

fits to extract the charge mobility from the

measurements. The models used to extract

mobility parameters and a detailed expla-

nation of SCLC regime can be found in

previously reported literature by Felekidis et al.418 and Blakesley et al.113 For a correct charge

mobility calculation, the measurements were performed at lower temperature ranges (278-313 K),

where the voltage region with completely filled traps was easily identifiable.
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The fit results can be seen in Figure 5.25, where both electron and hole mobility, even though

showing different values, increases significantly with temperature for a PBDB-T:ITIC active

layer. This increase in charge mobility is in good agreement with the results of previous sections,

where the FF and the Jsc were improved at higher temperatures, ultimately leading to higher

PCE at higher temperatures (Figure 5.25 (brown line)).
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5.6 Conclusions

In this chapter, we have manufactured a fully functional temperature-adjustable solar cell

measuring setup. This setup, named “Hot n’ Cold”, is able to subject pre-scale up solar cells to

temperatures ranging from 273 K to 363 K (∼ 0-90°C) with temperature ramps of up to 5 K s-1.

At any given temperature it can connect to all the solar cells within the substrate by means

of a relay based multiplexer, that allows for a high speed measurement of the entire substrate.

Besides, it is a fully open source setup, easy to manufacture in any lab that requires it, without

the need of specialized tools or knowledge, by outsourcing some of the most difficult processes.

With this setup, we have studied the temperature performance dependence of various organic

solar cell materials, which exhibited three main behaviours upon thermal cycling: permanent per-

formance decrease; reversible performance decrease with temperature; and reversible per-

formance increase with temperature. Within the latter material group, we decided to focus

on PBDB-T:ITIC blends, since they exhibited the greatest absolute performance, along with a

great thermal stability and high temperature dependent PCE enhancements.

We showed that thermally cycling PBDB-T:ITIC blends results in a PCE enhancement with an

irreversible and a reversible component. The overall enhancement is more pronounced in thicker

active layers, with PCE improvements of up to 71% at 348 K, with 39% being reversible and

32% non-reversible. Both experimental measurements and drift diffusion model simulations

confirm that the reversible fraction of this enhancement can be attributed to an increased charge

mobility in the active layer at higher temperatures, which is not overshadowed by the increase

in recombination rate. On the other hand, GIWAXS and GISAXS experiments did not reveal

major changes in active layer morphology, which led to the conclusion that irreversible PCE

enhancement is related to a small change in the size of ITIC crystalline domains, driven by low

temperature phase separation, previously reported in the literature.398–400 Finally, EQE and

SCLC measurements have confirmed an increase in the charge mobility at higher temperatures,

related to higher light conversion efficiencies, especially pronounced in thicker active layers.
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In summary, we have proven that, by increasing the temperature of certain organic solar

cells, more specifically those based on PBDB-T, their performance is increased for any active

layer thickness, with a stronger effect for thicker active layers. This result is really interesting

for large-scale roll-to-roll solar cell manufacturing, where thickness variations intrinsic to the

manufacturing process, which lead to inconsistent module performance, can be evened out by

raising the module temperature allowing for wider manufacturing tolerances.419



Chapter 6

Rainbow Solar Cells

Abstract

In this chapter, we will study a novel solar cell tandem architecture concept, which maximizes

light absorption and reduces thermalization losses associated with high-energy photon absorption,

while avoiding many of the drawbacks associated with previously reported tandem structures.

This approach consists in spectrally splitting an incoming light beam into its colour components,

and using this laterally separated light to illuminate a horizontal solar cell multijunction array.

The latter consists of multiple semiconducting junctions, with distributed band gaps, laid out

so that the incoming wavelength range closely matches the band gap of the semiconductor in

that particular position. This entire contraption is named: RAINBOW solar cell.

To evaluate the possible performance gains of such technology, as well as to determine suitable

material candidates, we have created a Python model that simulates the behaviour of two

junction RAINBOW solar cells, while evaluating its performance under a range of spectral

splitting conditions. As a result of the simulations, we have selected 3 active layer blends,

PBDB-T-2F:IO-4Cl, PBDB-T-2F:Y6 and PTB7-Th:COTIC-4F, with band gaps covering a

wide range of the solar spectrum, and we manufactured various solar cells to evaluate their

performance in a RAINBOW configuration. Two of the three possible combinations resulted in

good theoretical RAINBOW performances, with maximum efficiencies up to 41% higher than

that of the best performing sub-cell.

157
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6.1 Introduction

The efficiency of a photovoltaic solar cell is broadly defined as the energy ratio between light

input and electrical output. Several fundamental factors prevent this conversion efficiency

ratio from being close to 100%.216,420 Taking into account these limiting factors, Shockley and

Queisser performed a thorough study to obtain the theoretical maximum conversion efficiency

for a solar cell, as a function of the band gap of the semiconducting junction.420

To do so, they assumed an ideal solar cell, consisting of a semiconducting p-n junction at 300 K

with only radiative losses, illuminated by a black-body at 6000 K. This ideal p-n junction has

a sharp absorption cutoff frequency νg, absorbing all photons with an energy higher than the

band gap of the semiconductor, while photons below that energy are unaffected by the junction.

All absorbed photons have an equal charge contribution, meaning that for each photon there is

one exciton with E = qEg, where the additional carrier energy provided by E > Eg photons is

lost through charge relaxation down to the lowest energy level available, in a process known as

thermalization (Figure 6.1).420,421

Because of these thermalization losses, the maximum electrical potential any charge carrier can

have is directly determined by the band gap of the photoactive material. On the other hand, the

maximum attainable current is determined by the amount of absorbed photons, which assuming

unity quantum yield, is equal to the number of generated excitons (Figure 6.1).422

Intuitively, a solar cell with a higher band gap is desirable to reduce thermalization losses.

However, since photons below the band gap are not absorbed, a higher band gap solar cell

would discard a higher portion of light. On the other hand, a really low band gap solar cell

would absorb a higher amount of photons. Nonetheless, the higher number of E > Eg photons

would generate hot carriers that would lose most of their excess energy (E − Eg) through charge

thermalization. This compromise, between the maximum charge carrier potential and the charge

carrier number, is ultimately translated into a compromise between Voc and Jsc, which can be

easily seen in Figure 6.2.420
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Figure 6.1: Light absorption and subsequent exciton generation within a semiconducting
junction. Photons with an energy lower than Eg (hν1) do not have enough energy to promote
an electron to the valence band, and thus they do not get absorbed. Photons with E > Eg will
promote an electron higher into the conduction band that will loose this excess energy (hν3 − Eg)
to lattice vibrations (thermalization losses).

By assuming no series resistance and infinite shunt resistance, Shockley and Queisser calculated

the efficiency vs the band gap of the photoactive material for this ideal solar cell. The resulting

graph, which is commonly referred to as the Shockley and Queisser limit, takes into account

the two main energy loss mechanisms, below band gap unabsorbed photons and thermalization

losses, as well as minor loss mechanisms such as radiative recombination and solid angle losses,

to express the maximum attainable efficiency for every possible band gap energy. The maximum

point of this graph is located around 30% for a gap of 1.1 ev, where band gaps above this energy,

even with their higher Voc, cannot compensate for the lower amount of absorbed photons; while

band gaps below 1.1 eV, even if they can absorb a larger amount photons, cannot compensate

the losses in Voc. Later studies, with a more accurate solar spectrum AM 1.5G and a back

reflector on the semiconducting junction, place the maximum efficiency at around 33% for a

1.31 eV band gap solar cell.423 At these band gap energies, E < Eg photon absorption losses

might be the easiest to appreciate, since light energy is completely wasted by not being absorbed.
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Figure 6.2: Solar spectral power distribution curve (top). Maximum Voc, integrated Jsc and
resulting maximum theoretical efficiency of a single junction device according to the corrected
AM 1.5G Shockley-Queisser limit (bottom).

However, further analysis reveals that this loss mechanism only takes 25% of the incoming

sun’s energy, with thermalization losses playing a more important role, with almost 30% of the

incoming light energy being lost through this process.424

This inherent limitation of single junction solar cells gave rise to multi-junction tandem solar

cells, or tandem solar cells, which, by having more than one semiconducting junction, can

surpass the Shockley and Queisser limit.425,426 Up to date, the most common implementation

of tandem solar cells consists in a vertical stack tandem configuration, with multiple junctions

stacked over each other (Figure 6.3).427–433 In this configuration, the solar cells on the stack top

absorb shorter wavelength light, while unabsorbed photons, with E < Eg, go through to the next

sub-cells, which subsequently absorb the highest energy photons of the remaining portion of the

spectrum (Figure 6.4). With this clever configuration, the efficiency of solar cells can be boosted

significantly, by reducing both thermalization losses, with higher band gaps absorbing higher

energy photons, while at the same time decreasing the number of unabsorbed photons, with

lower band gaps absorbing lower energy photons, resulting in a wide complementary absorption

spectrum.425
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Figure 6.3: (a) Vertical stack, two terminal, tandem solar cell schematics, with each layer
light absorption contribution. (b) Efficiency limit for solar cells with different number of energy
equidistant junctions vs the band gap wavelength of the lowest Eg sub-cell.

Further studies on the thermodynamical limitations of such systems, which considered an

increasing number of junctions, concluded that the maximum attainable efficiency with an infinite

number of junctions is 68% with AM 1.5G illumination, and 86% with solar concentration.425,426

Their significantly higher efficiency limit, compared to single junction solar cells, has been the

main driving factor in tandem solar cell development, reaching efficiencies of up to 39.5%

efficiency at one sun illumination and a 47.1% efficiency with solar concentration in multi-

junction inorganic solar cells.128

These efficiencies are still high when compared to those of commercial scale tandem solar cell

modules.434 A disparity that arises from the high manufacturing cost derived from general

fabrication difficulties related to tandem solar cells, which limits the efficiency of low cost

alternatives, while preventing higher efficiency tandem devices from reaching the market.435,436

These difficulties are particularly apparent in vertical stack solar cells, where each sub-cell needs

to be deposited sequentially on top of the previous one, usually requiring a certain degree of

crystalline structure matching437–439 and fine tuning their thicknesses to adjust the current

of each individual sub-cell.440,441 The latter drawback can be somewhat mitigated by using

an n terminal configuration, where each sub-cell is electrically independent.442–444 However,

the addition of interlayer semitransparent electrodes usually compromises device transparency,

diminishing the efficiency of the lower sub-cells.445 Yet another alternative consists in the
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mechanical stacking of individual cells,446–448 which should minimize most of the previously

mentioned drawbacks. However, this alternative comes with its own problems, such as the need

for optical coupling and anti-reflection coatings to minimize reflections and ensure proper light

transmission between the stacked layers.449

Figure 6.4: Idealized semiconducting multi-
junction, where thermalization losses are reduced
by means of multiple band gaps.

On top of that, in inorganic tandem structures,

the expensive fabrication techniques needed to

manufacture epitaxial stacks, such as molec-

ular beam epitaxy, are not easily scalable to

produce large area solar cells,435,450 where the

cost far outweighs higher efficiencies of this ar-

chitecture.451,452 One approach that has been

explored to promote the large-scale adoption

of this technology, in the field of inorganic

tandem photovoltaics, is concentrated photo-

voltaics.453,454 This approach is based on using optical elements that concentrate sunlight on a

small spot, where the tandem solar cell is located, efficiently converting a large amount of light

with a small photoactive area.455 In recent years, some companies have retaken the investigation

in this field, for both concentrating and non concentrating power collection, achieving signif-

icant efficiencies in highly competitive products for space and terrestrial applications.456–458

Nevertheless, since these systems require active cooling, to prevent the cell from melting, and

solar tracking, to maintain the concentrated spot over the active area, concentrated tandem

solar cells have not yet been widely adopted yet, because they still cannot compete with lower

efficiency, lower cost alternatives.426,453,459,460

Such vertical tandem architectures, however, are not exclusive to the world of inorganic materials.

In recent years, scientists have put a lot of effort into high-efficiency perovskite-silicon hybrid

tandem solar cells, with reported efficiencies of up to 28.2%.461 The main drawback is that, being

so fundamentally different, the merging of these two technologies in one seamless manufacturing
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process is still challenging.428 Combining that with the led content of perovskites,462 the

difficulties in large area production463 and their limited stability,464 prevent this specific tandem

architecture from widespread adoption.428,465

In the world of OPV, vertical tandem architectures have been lagging behind, being constantly

hand in hand with state-of-the-art single junction organic solar cells, and never surpassing the

Shockley–Queisser limit of a single junction device.128 These unexpectedly low efficiencies are a

direct result of the difficulties related to multi-layer solution processing.466 Subsequent layer

deposition from solution requires the use of different strategies, such as orthogonal solvents,

to prevent layer cross contamination and morphology alteration.467,468 Moreover, even when

successfully implemented, multi-layer solution deposition is prone to defect accumulation, which

can result in reduced optical transparency for each layer added to the stack, ultimately hindering

solar cell performance.466,469 On top of all this, vertical stack tandem devices usually need to

be current matched by finely controlling the thickness of each of the layers, which is challenging

when working with solution processing techniques,469,470 especially those scalable, such as

slot die coating.471,472 Multi-terminal tandem organic solar cells, as an alternative to current

matching, are not widely reported in the literature.473,474

In order to overcome these limitations, different alternative tandem configurations have been

proposed, such as photon molecular tandem,475 solar water-splitting tandem,476–478 PV mirrors315

and spectral beam splitting.479,480 The latter consists in spectrally separating the solar spectrum,

with various optical elements, into different colour beams that are redirected to each of the

sub-cells within a tandem configuration.481 This approach has been proven in various systems,

such as high efficiency III-V material tandems,482,483 hybrid inorganic perovskite tandem solar

cells,484,485 as well as hybrid silicon thermal absorbers486–488 and thermoelectrics489–491 that

convert the lower energy fraction of the spectrum into heat energy instead of photovoltaic

conversion.

The main disadvantage of such systems is that the implementation of the various proposed

configurations is rather cumbersome. One of the most used methods consists in placing each
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Figure 6.5: Example of dichroic mirror beam splitting tandem architectures, (a) with perovskite
as the blue light receiving cell and silicon as the red light receiving cell, (b) in a PV/thermal
configuration with silicon as the PV module and a thermal absorber for thermoelectric or thermal
power conversion.

cell at 90° relative to each other, requiring a dichroic mirror to split the solar spectrum placed

at 45° to redirect the light (Figure 6.5). For a two junction configuration this might not pose

a big problem, but we can quickly see that scaling this system to a higher junction count is

unfeasible, since the form factor becomes awkward really quickly.479

In order to solve this limitation, in this chapter, we propose a planar beam splitting approach.

This approach consists in placing an optical dispersive element above the solar cell that spatially

redistributes the solar spectrum into all its composing colours. The resulting coloured light

beams illuminate a horizontal stack tandem solar cell, which consists of multiple single junction

solar cells deposited side by side with increasing band gaps, resulting in a rainbow of colours,

hence the name RAINBOW solar cell (Figure 6.6). In this way, each sub-cell is illuminated with

the optimal wavelength range, as in previously mentioned beam splitting tandem configurations,

with the added benefit of being laterally disposed, avoiding the limitations of vertical stack

manufacturing, such as defect accumulation and optical transparency loss,466,469 and the

awkward form factor of other beam splitting techniques.479,480 Besides, this lateral distribution
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Figure 6.6: RAINBOW solar cell concept, with an optical element spectrally splitting incoming
sunlight into an array of distributed band gap sub-cells.

allows for an easy implementation of electrically independent contacts, avoiding the need for

current or voltage matching.469,470

6.1.1 RAINBOW Solar Cell Concept

A RAINBOW solar cell (Redistributed Actinic to Infrared Non-uniform Beam with Offset

Wavelengths solar cell) is a novel tandem solar cell architecture, which reduces thermalization

and non-absorbed photon losses, by taking the entire solar spectrum (from UV to IR) and

redistributing it onto a horizontally laid tandem solar cell stack. This efficiency loss reduction

is achieved through the combination of a dispersive optical element, which spreads the light

into its composing colours, and a solar cell module that consists of laterally disposed sub-cells

with a band gap gradient. The redistributed spectrum illuminates each of the sub-cells with one

specific wavelength range, which is spectrally matched to the Eg of each sub-cell (Figure 6.7).

The resulting solar cell has a slightly higher theoretical maximum efficiency than vertical stack
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tandem solar cells and other beam splitting approaches, while avoiding the difficulties related

with their manufacturing, as well as keeping a relatively flat and scalable form factor.

In this chapter we will focus on the study of the lower half of a RAINBOW solar cell: the

horizontal tandem distribution; leaving the study of the optical element as future work. Never-

theless, it is worth mentioning that several suitable solutions for RAINBOW spectral splitting

have already been reported in the literature, such as the dispersive lens proposed by Thio et

al,492 or the holographic solution proposed by Vorndran et al493 among others.479,480

Figure 6.7: Three junction RAINBOW solar cell schematic representation, with solar spectrum
division by the optical element (top), and the three resulting split spectra closely matched to
the band gap of each sub cell (bottom).
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The concept of a horizontal tandem distribution poses several advantages when compared to other

multijunction solar cell alternatives. The first is the manufacturing simplicity of this particular

tandem structure, which, by being horizontally laid, can be manufactured monolithically,

keeping a flat form factor that is easily stackable without the need for complicated assembly

on deployment, contrary to other beam splitting approaches.479,480 Another big advantage is

that, since the layers can be deposited simultaneously, being on different parts of the substrate,

the steps and time consumption of the manufacturing process do not scale up quickly with the

number of junctions, as opposite to vertical stack tandem.494 Besides, by depositing all the

different layers are onto the same pristine substrate, there is no defect accumulation or loss of

transparency in the case of solution processed solar cells, resulting in lower overall losses.466,469

The lateral deposition nature of this tandem configuration is particularly suitable for solution

processable PV, being highly compatible with techniques such as slot die coating, which are

easily scalable, have been thoroughly studied, and have already proved their commercial viability

(Figure 6.8).495–498 Besides, depositing the active layers in a lateral array results in lower

material usage than that of vertical stacks because the final thickness of the device layer is

constant, regardless of the number of junctions. Whereas in a vertical stack tandem solar cell,

each subsequent layer needs to cover the entire area, significantly increasing material costs not

only for active layers but for interlayer electrodes and charge selective layers. We want to stress,

however, that the main strength of this configuration is the spectral match between the incoming

light and the EQE of each sub-cell. This match guarantees that each sub-cell is operating under

optimal spectral illumination conditions, greatly reducing thermalization and absorption losses.

As a final benefit that can be easily overseen, the lateral disposition of the sub-cells makes

for a really easy implementation of an n terminal tandem solar cell, with an independent

terminal for each RAINBOW sub-cell, which eliminates the need for intracell current and

voltage matching, using inexpensive DC/DC converters instead.328 In vertical stack solar cells,

we either need to current match all sub-cells so that we can use only two electrodes,440 or

we need to add semitransparent electrodes in order to make separate electrical terminals for
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Figure 6.8: Multi material slot die configuration depositing the active layers of a four junction
RAINBOW solar cell in a roll of plastic substrate.

each junction, further increasing optical transparency losses and defect accumulation.466,499

RAINBOW modules, on the other hand, can be connected in parallel, since each of the sub-cells

within one RAINBOW cell is voltage matched to the same one on the next RAINBOW cell

(Figure 6.9). These connections result in a cell array with n junctions and n+1 cables, all

of which are connected to n DC/DC converters that match all the different voltages. These

converters are already being implemented in regular PV installations to balance and match the

DC power from different solar cell module arrays, before converting it to AC, to supply it to the

grid.500–504

A benefit of eliminating the need for current matching is that the resulting RAINBOW cell is

much less sensitive to spectral changes caused by transient phenomena. Similarly to what happens

in other multi-terminal solar cells, illumination spectral changes can result in underperformance

in some of the sub-cells, but the rest will remain undisturbed as they are electrically isolated.

This is opposite to current matched vertically stacked solar cells, where the lowest performing

cell will determine the performance of the entire stack.441,505

Because of all the stated advantages, we believe that the field of RAINBOW solar cells is really

promising, especially for the case of solution processed PV, where the combination of recent
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Figure 6.9: Connection schematics of various RAINBOW solar cells in a parallel array, with a
bus cable connected to a DC/DC voltage matching transformer, which supplies the energy to
the grid.

developments in fields such as multi material slot die deposition, and the rapid advances in

perovskites and photovoltaic organic molecule synthesis, can bring this novel technology closer

to its full potential. Also, this architecture is also really easy to implement in evaporated solar

cells by using simple shadow masks during the active layer deposition process.

RAINBOW Case Study

As a practical example to understand the theoretical limitations of these systems in a more

quantitative manner, we evaluated the efficiency limit of an ideal 3 junction RAINBOW device.

In order to do so, we used a Python library developed by Marcus Chuang (https://github.

com/marcus-cmc/Shockley-Queisser-limit), intended to calculate the Shockley–Queisser

limit, which we slightly modified to work with the custom spectra generated by the RAINBOW

dispersive element. To get a grasp of the efficiency gain of a RAINBOW configuration, we

evaluated the efficiency of the horizontal tandem stack, with and without the optical element.

Assuming a RAINBOW solar cell with an area of 3 square meters, at 1000 W m-2 AM 1.5G,

would result on the entire cell being illuminated with 3000 W, where each equal area sub-cell

would receive 1000 W, with a spectral power distribution dictated by the solar spectrum curve

(Figure 6.10).

https://github.com/marcus-cmc/Shockley-Queisser-limit
https://github.com/marcus-cmc/Shockley-Queisser-limit
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Figure 6.10: Power division of the sun spectrum between three 1 m2 area sub-cells resulting in
1000 W of light for each sub-cell

Figure 6.11: Solar spectral division in three parts of equal
power density, with the lower wavelength of each fraction
matched to the band gap of each RAINBOW sub-cell.

Before evaluating the two cases,

to aid with the quantitative ex-

planation, we divide the incom-

ing light into three, equal power,

spectral sections. These three frac-

tions have the exact same power

densities, with a “blue fraction”

containing the shorter wavelength

range (280-565 nm), a “green frac-

tion” with mid wavelengths (565-

825 nm), and a “red fraction”

with the longest wavelengths (825-

1690 nm) (Figure 6.11). The longest wavelength of each spectral fraction is matched to the

band gap of each RAINBOW sub-cell, which will be helpful for the following calculations. The

longest wavelengths of the solar spectrum, with energies below ∼ 0.7 eV, are discarded in this

example due to the lack of photovoltaic cells operating with a band gap below these energies.
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Figure 6.12: Individual sub-cell theoretical maximum effi-
ciency for a 3 junction RAINBOW solar cell without the optical
element.

First, we consider the case where

there is no optical element be-

fore the RAINBOW solar cell (Fig-

ure 6.12), where each sub-cell re-

ceives the entire 1000 W solar spec-

trum unmodified, with the three

wavelength fractions. In this case

we have significant thermalization

losses in the lower band gap sub-

cells, and photon absorption losses

in the higher band gap ones, mainly

because of the mismatch between

the illumination spectra and the EQE curve of each sub-cell. Table 6.1 shows us that the

maximum theoretical efficiency of each sub-cell is limited by the Shockley–Queisser limit for

their given band gap, resulting in an average maximum RAINBOW solar cell efficiency of 25.16%

without the optical element. As expected, without the optical element, this configuration does

not provide any advantage over a single junction solar cell, which could achieve a maximum

theoretical efficiency of 33%.

Cell Optical Element Voc (V) Jsc (A m-2) PCE (%)

Blue Cell
λg = 565 nm

No 1.88 107 18.7
Yes 1.91 307 54.5

Green Cell
λg = 825 nm

No 1.23 289 32.1
Yes 1.25 531 59.8

Red Cell
λg = 1690 nm

No 0.52 588 24.7
Yes 0.53 892 38.3

Total
Average

No - - 25.2
Yes - - 50.9

Table 6.1: Theoretical maximum JV parameters of each sub-cell in a 3 junction RAINBOW
solar cell, with and without the optical element in place, and their combined average efficiency.
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Figure 6.13: Spectral power redistribution introduced by the
optical element and subsequent individual sub-cell theoretical
maximum efficiency for a 3 junction RAINBOW solar cell.

Placing the optical element in front

of the RAINBOW cell redistributes

the spectrum as exposed in Fig-

ure 6.13. This redistribution re-

sults in a spectral concentration for

each of the wavelength fractions,

which are redirected towards the

sub-cell with better conversion ef-

ficiency in that spectral range. As

an example, we can see that all

the “blue fraction” of the spectrum

which was spread in 3 m2, is now

concentrated in 1 m2. However,

since the “blue fraction” represents

exactly 1/3 of the spectral power,

the “blue” sub-cell is still being illuminated by 1000 W in a square meter, effectively at “one

sun” illumination, but spectrally concentrated in the optimal wavelength range. This spectral

concentration results in a significant increase in cell efficiency, resulting in an average maximum

theoretical efficiency of 50.87%, double that of the RAINBOW cell without the optical element.

This performance is practically equal to that of a vertical stack tandem solar cell with the

same gap energies, exactly as one would expect, since the basic working principles of the two

architectures are the same. When we compare this case with the previous one, we see that

spectrally redirecting the light results in a significant reduction in both photon absorption and

thermalization losses.

We want to note that this spectral redistribution is different from concentrated photovoltaics,

in that there is no power concentration present in this example, since the area of the optical

element and the RAINBOW cell are the same. The spectral concentration is a result of the

different colour redistribution between the different sub-cells. This is clearly illustrated in
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Figure 6.12, where the input light energy density before the optical element is equal to the

light energy density in each of the sub-cells, 3000 W in 3 m2 (1000 W m-2). Nonetheless,

such spectral concentration shares some of the advantages of concentrated photovoltaics, since

each sub-cell is effectively seeing an increased irradiance within their optimal wavelength range.

This is reflected in slightly higher Voc values when placing the optical element in front of the

RAINBOW cell, as we can see in Table 6.1.

6.2 Simulations

Seeing that the concept is theoretically feasible, with significant potential efficiency gains, we

wanted to simulate the behaviour of different more realistic devices, to come closer to practical

applications of the RAINBOW concept. To do so, we built a Python model that was able to

calculate the efficiency of RAINBOW solar cells by splitting the solar spectra into arbitrary

fractions, and redirect these fractions to their corresponding sub-cells. As a first approximation,

inspired by previously tested beam splitting technologies like dichroic mirror beam splitting,479

we simulated RAINBOW systems with only two sub-cells.

To simulate the performance of these two sub-cells in a RAINBOW configuration, we first need

to divide the solar spectrum in two parts, a “blue fraction” containing the shorter wavelengths,

and a “red fraction” containing the longer ones. The Python model takes care of the division

by multiplying the solar spectra by two complementary step functions, similar to Heaviside

functions, that result in the two spectral fractions. These spectral fractions will be redirected to

each of the two sub-cells, which are consequently named “red cell” and “blue cell”, as we can

see in Figure 6.14.

The overall performance of the RAINBOW cell will greatly depend on how we divide the solar

spectrum. That is why one of the main objects of study within these simulations and the

subsequent experiments will be the wavelength at which we divide the solar spectrum, i.e. the

dividing wavelength. In order to study the performance of RAINBOW solar cells, we will

sweep this dividing wavelength along the solar spectrum, changing the size of the “blue fraction”
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Figure 6.14: Schematic representation of a wavelength sweep, and subsequent partial efficiency
calculation. The dividing wavelength (black dotted line) is swept across the entire solar spectrum
and each sub-cell receives the corresponding spectral fraction.

and the “red fraction” of the spectrum systematically, to evaluate its optimal value in various

systems. This procedure will be conveniently called a (dividing) wavelength sweep and is easily

implemented within the Python model by changing the x position of the step functions.

A really easy way to visualize this measurement procedure in a real world example is to imagine

that, in the dichroic mirror beam splitting technique,479 we could scan through all the possible

cutting wavelengths of the dichroic mirror in a systematic way, while measuring the performance

of each of the two sub-cells at each cutting wavelength.

One might be tempted to trivialize the optimal location of the dividing wavelength, since for

ideal solar cells it lies just below the band gap of the highest Eg cell. However, this is not always

the case, especially when dealing with unequal and irregular EQE curves.

Having a Python model that systematically divides the solar spectrum in two parts, we need a

way to calculate the efficiency of the sub-cells when exposed to each of the spectral fractions.

This means that the calculations need to take into account both different input light powers
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and spectral distributions. Using different illumination conditions, not only power-wise but

also spectrally speaking, means that we can no longer extract the efficiency from JV curves

taken with the entire sun spectrum. Lacking the equipment to perform specific illumination

measurements, we need to take an alternative approach.

As a first approximation, solar cell efficiency can be calculated through the Jsc, which can be

obtained by integrating the product of the EQE and solar spectral irradiance curves, according

to equation 6.1 where EQE(λ) is the EQE curve and Ee,λ(λ) is the solar spectral irradiance.

Conveniently, by substituting the solar spectrum in equation 6.1, by the“red fraction” or the

“blue fraction” spectrum, Ee,λ(red) and Ee,λ(blue), at each dividing wavelength, and multiplying

it by the EQE curve of each sub-cell, we can calculate their respective Jsc at every dividing

wavelength (equations 6.2 and 6.3).

Jsc =
∫ ∞

−∞
EQE(λ) Ee,λ(λ) dλ (6.1)

Jsc(red)(λdiv) =
∫ ∞

−∞
EQE(λ) Ee,λ(red)(λ, λdiv) dλ (6.2)

Jsc(blue)(λdiv) =
∫ ∞

−∞
EQE(λ) Ee,λ(blue)(λ, λdiv) dλ (6.3)

In order to calculate the efficiency from the Jsc, as part of this first approximation, the Voc and

the FF of each sub-cell are assumed to be constant for every dividing wavelength and equal to

those obtained at one sun illumination. Taking that into account, we can calculate the partial

efficiency contribution of each sub-cell with equations 6.4 and 6.5. Under the condition that

Ee,λ(red) + Ee,λ(blue) = Ee,λ, we can assume that Jsc(blue) + Jsc(red) = Jsc(total), and by extension

PCEp(blue) + PCEp(red) = PCEp(total) for every dividing wavelength value, as long as the Voc

and the FF remain constant.

PCEp(blue)(λdiv) = Jsc(blue)(λdiv) FF(blue) Voc(blue)

Ee,λ

(6.4)
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PCEp(red)(λdiv) = Jsc(red)(λdiv) FF(red) Voc(red)

Ee,λ

(6.5)

As a result, this mathematical model will yield a partial efficiency for each of the sub-cells,

which is measured taking into account the entire solar spectrum power. Note that, from this

perspective, the partial efficiency of each sub-cell will always be lower than the total efficiency

of the RAINBOW cell. That is because, in this model, we calculate the partial electrical

contribution of each sub-cell, divided by the entire spectrum power, similarly to what they do

in other beam splitting technologies. Having a common denominator, these partial efficiencies

can be simply added to form a combined efficiency, which represents the total efficiency of the

RAINBOW cell. An alternative approach, which would be slightly more complex to implement,

would be to normalize the efficiency of each sub-cell by the incoming spectral fraction power

and then perform an average. However, we decided to keep the model as simple as possible to

begin with.

The resulting combined efficiency can then be evaluated against that of the best performing

RAINBOW sub-cell to obtain a figure of merit, called Increase over Best Cell or IoBC (equa-

tion 6.6). This parameter reflects the gains of a given tandem combination when compared to

the best sub-cell. When combined with the maximum tandem efficiency, they provide a quick

overview of the overall tandem performance.493

IoBC (%) = 100 ·
PCEcombined, max − PCEp, max (best sub−cell)

PCEp, max (best sub−cell)
(6.6)

The resulting Python model is powerful enough to quickly evaluate the combined performance of

two different solar cells, in a RAINBOW configuration, with just their JV and EQE curves. This

model allows us to determine possible RAINBOW tandem combinations in separate solar cells,

before having to manufacture the actual device, as well as evaluate totally fictitious idealized

solar cell combinations.
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6.2.1 Ideal EQE curves

Before evaluating real systems, we wanted to get an intuitive knowledge about the basic

behaviours of RAINBOW solar cells within our Python model. For this purpose, we created a

series of idealized EQE curves, with a top hat shape and sigmoid edges, and with different widths

and heights. The edge of the EQE curves was used to calculate Eg, from which the Voc was

obtained combining the Shockley Queisser limit and a polynomial fit from the data published

by Vandewal et al.506 The FF was assumed to be constant at 65%. These JV parameters, along

with the EQE curves were fed into the Python model to evaluate the RAINBOW performance

of every possible ideal EQE combination. After browsing through the results, and discarding

the vast majority, we selected a number of cases that we thought provided relevant insight on

the working principles of RAINBOW solar cells.

The two main factors affecting RAINBOW performance are Competition and Complementation.

These factors are easily understood when superimposing the EQE curves of two RAINBOW

sub-cells. The area shared between the two EQE curves corresponds to a spectral region where

the two sub-cells compete for the same photons to produce energy. On the other hand, in the

area where the EQE of the two sub-cells does not overlap, their absorption is complementary. We

can infer that competition will hinder overall RAINBOW performance, while complementation

will enhance it.

During the following paragraphs, we discuss some of the most relevant simulation cases, which

give us an intuitive sense of the parameters that ultimately determine RAINBOW performance

and their relative contribution. To do so,we begin by the trivial case, where the red and blue

sub-cells have exactly equal EQE curves. In this case, (Figure 6.15), we see that, as we shift the

dividing wavelength, the combined efficiency stays constant, since the changes in the partial

efficiencies of each sub-cell are perfectly complementary, resulting in a 0% IoBC. This result is

perfectly logical, since, having the same Eg and equal EQE curves, each sub-cell is competing

for the same light. As a result, they both absorb the same amount of photons in the same
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spectral range with equal thermalization losses, so there is no benefit in redistributing the light

spectrum between the two.

Figure 6.15: RAINBOW simulation with two identi-
cal EQE curves, resulting in no net performance gain
for the RAINBOW combination. EQE curves (top),
individual sub-cell partial efficiencies and resulting
combined efficiency (middle), and individual sub-cell
partial Jsc and resulting combined Jsc (bottom)

The next case, dubbed “overshadowing”,

shows a RAINBOW combination where the

red cell completely outperforms the blue

cell (Figure 6.16 (left)). In this case, the

combined efficiency never rises above the

efficiency of the red cell, resulting in a 0%

IoBC. That is because the blue cell’s lower

thermalization losses cannot compensate

for its low EQE values, and, as a result,

any photon we take from the red cell to

illuminate the blue cell will result in a lower

combined efficiency.

A variant of this case can be seen in Fig-

ure 6.16 (right), where the lower thermal-

ization losses of the blue cell are able to compensate for its lower EQE values, resulting in a

positive but moderate IoBC.

The second case, “complementary competition”, is closer to the ideal combination, with both

sub-cells having equal maximum EQE values, but with a much wider absorption spectrum for

the red cell, arising from a lower Eg (Figure 6.17 (left)). In this scenario, the two sub-cells are

competing for light in the shorter wavelength range of the spectrum, while complementing each

other on the longer wavelength range. On the spectral region where they overlap, the blue cell

is able to convert light energy more efficiently, having lower thermalization losses and equal

EQE values. The lower energy fraction of the spectrum will be efficiently converted by the red

cell, since the blue cell is incapable of absorbing those photons that are below its band gap,

resulting in one of the highest IoBC values.
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Figure 6.16: RAINBOW simulations: (a) “overshadowing”, where the red cell completely
outperforms the blue cell, resulting in a non functional rainbow combination. (b) “partial over-
shadowing”, where the lower thermalization losses of the blue cell compensate its lower EQE
values, resulting in a functional RAINBOW combination

In a variation of this case, dubbed “photon scavenger”, the red cell is set to have lower maximum

EQE values compared to the blue cell and a significantly lower Eg (Figure 6.17 (right)). In

this case, since the blue cell cannot absorb photons below its band gap, even if the red cell has

significantly lower EQE values, the IoBC will always be greater than zero because the red cell is

“scavenging” the photons that the blue cell cannot make use of.

Finally, the ideal case, or the “perfect couple”, is the one in which the EQE of the red and

blue cells do not overlap in any part of the spectrum (Figure 6.18 (left)). This case is really

similar to the second one, but in this one there is no competition between the two sub-cells,

which results in a greater IoBC. We want to note that even though the IoBC is greater for this

case, the maximum theoretical efficiency is equal for the two cases. However, since achieving

high absorption values along the entire spectrum is generally difficult, especially in OPV,507 we

considered this case to be relevant enough to treat it separately.
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Figure 6.17: RAINBOW simulations: (a) “complementary competition”, where even with some
degree of competition the two sub-cells have highly complementary EQE curves, resulting in a
highly advantageous RAINBOW combination. (b) “photon scavenging”, where the red cell, even
with its lower EQE values, is able to absorb the photons below the blue cell band gap, resulting
in a functional RAINBOW combination

Figure 6.18: RAINBOW simulations: (a) “perfect couple”, where the highly complementary
EQE curves of the two sub-cells, result in a high performance RAINBOW combination. (b)
“Mismatch”, where each sub-cell is receiving the wrong part of the spectrum, resulting in an
extremely underperforming RAINBOW combination
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As a side curiosity, if we have a RAINBOW system with a positive IoBC and we shine the

wrong fraction of the spectrum to each sub-cell, the resulting graph will look like the one in

(Figure 6.18 (right)), where the combined efficiency goes below that of the lowest performing

cell. This is a clear indication that we have swapped the sub-cell’s order, and that the system is

actually a good RAINBOW combination.

Besides this ideal curve simulations, we also performed several simulations with various real

material data, both from the literature and from my group’s colleague measurements, which

complemented the conclusions extracted from this section.

The selection rules extracted from these simulations are summarized in the following list:

• High Complementarity: The absorption and EQE curves of each sub-cell have to cover a
fraction of the solar spectrum as wide as possible, with minimum overlap between their
curves.

• Similar Maximum EQE Values: In order for the RAINBOW combination to have positive
IoBC, each sub-cell must have similar EQE values, to avoid overshadowing cases.

• Low Voc Losses: Since we are trying to reduce thermalization losses, we need each sub-cell
to have inherently low Voc losses. Otherwise, even with higher band gaps, thermalization
losses will not be reduced.

• High Overall Efficiency: The most obvious parameter to ensure the highest possible
combined RAINBOW efficiency is the individual efficiency of each sub-cell, which must be
as high as possible.

6.2.2 Photoactive Materials

As a result of our simulations, we concluded that, in order to obtain the best RAINBOW

combinations, materials with highly complementary EQE curves would need to be combined.

Besides, using low voltage losses materials with high efficiencies was preferable, since any low-

performance RAINBOW can easily be surpassed by single-junction cells that use high-efficiency

materials. Being an OPV-oriented group, we limited the material candidate literature search to

organic photoactive blends, for both the red and blue cell.



182 Chapter 6. Rainbow Solar Cells

Figure 6.19: Selected material candidate chemical structures, with electron donors in blue and
electron acceptors in red.

We found several candidate materials for either cell, having many more studied options for the

red cell, owing to the recent development of low band gap materials.101,508 For a more detailed

breakdown of all the candidates, the reader is referred to appendix D.1.

Due to these limitations, we called for the help of a renowned scientist in the world of OPV, Prof.

Dr. Koen Vandewal at Hasselt University, who has a wealth of experience with a wide range of

OPV materials.363,509–513 He offered us the possibility of doing a research internship, to learn

how to manufacture several devices with photoactive materials from our material candidate list.

The chosen blends were PBDB-T-2F:IO-4Cl, PBDB-T-2F:Y6 and PTB7-Th:COTIC-4F, with

band gaps somewhat spread throughout the spectrum, to make various RAINBOW combinations,

the structure of which can be seen in Figure 6.19. These materials are really interesting because,

although some of them have not yet been thoroughly studied, they have high reported efficiencies

in the literature.514–517 With that knowledge, I went to Hasselt University under the supervision

of Prof. Dr. Koen Vandewal to fabricate single junction devices based on these active layer

blends.
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6.3 Materials and Results

In Hasselt, devices were manufactured with varying thicknesses, to tune both the JV parameters

and the EQE curves, in order to find optimal RAINBOW combinations. We chose to vary the

active layer thickness, since it is one of the easiest parameters to control, without significant

change in the manufacturing procedure. The resulting devices were characterized under one sun

illumination, with a JV characterization setup, as well as with an EQE characterization setup,

to obtain both JV and EQE curves.

The manufacturing procedure was mainly based on spin coating, using smaller square substrates

with an ITO front electrode pattern slightly different from the ones used in other chapters.

These substrates were thoroughly cleaned and ozone treated to improve wettability. On top

of the ITO patterned layer, we spin coated 100 µl of sol-gel ZnO solution, which after drying

was immediately annealed for 10 min at 180°C to form a solid ZnO ETL. After this step, the

substrates were placed inside the glovebox for the active layer deposition. This step was crucial

in preventing oxygen and moisture-driven degradation in the sensitive photoactive materials.

Active layers were dynamically deposited via spin coating with 60 µl droplets at various angular

velocities to manufacture a range of thicknesses. After cleaning the edges for electrode contacting,

the substrates were placed inside a vacuum chamber where 10 nm of MoO3 and 120 nm of

Ag were thermally evaporated, to serve as the HTL and the back electrode. Subsequently, the

samples were encapsulated with UV curable epoxy resin and glass cover slides, and, in the case

of devices based on PBDB-T-2F:IO-4Cl, a further thermal annealing was performed at 110°C

for 10 min, to change the crystalline morphology.514

The JV characterization results (Figure 6.20 (right)) show that, in general, thinner active layer

devices, which result from higher spin coating RPM, tend to exhibit lower Jsc. These reduced

photocurrents can be attributed to a reduced absorption in such thin layers,518 as we have seen

in previous chapters. On the other hand, these thinner devices present a better overall FF and

Voc than their thicker counterparts, a fact that is especially pronounced in higher Jsc solar cells.
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Figure 6.20: EQE curves (left) and JV curves (right) for three different active layer blends,
PBDB-T-2F:IO-4Cl, PBDB-T-2F:Y6 and PTB7-Th:COTIC-4F, at different spin coating angular
velocity deposition.

This phenomenon can be explained by a lower charge extraction, due to increased resistance

related to thicker active layers, resulting in higher recombination probability, and reduced Voc

and FF.519,520

For the case of the EQE curves (Figure 6.20 (left)), we see that there is a general trend towards

lower overall EQE values in thinner active layers. This trend is in good agreement with the

lower Jsc of thinner layers, related to their reduced absorption. In addition, we see that the

decrease in EQE is not homogeneous throughout the spectrum, with the UV regions seeing the

heaviest decrease for thinner active layers. This inhomogeneity can be used to our advantage to

further optimize RAINBOW combinations.

With these results and the Python model from the previous section, we calculated the theoretical

combined efficiency of all the possible RAINBOW combinations between these three blends.

The first one, between PBDB-T-2F:IO-4Cl as the blue cell and PBDB-T-2F:Y6 as the red cell,
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Figure 6.21: RAINBOW combination of PBDB-T-2F:IO-4Cl as blue cell and PBDB-T-2F:Y6
as red cell. Case of “overshadowing”, where the blue cell is completely outperformed by the red
cell, resulting in a barely functional RAINBOW combination.

is a clear case of “overshadowing”, where the PBDB-T-2F:Y6 cell completely outperforms the

PBDB-T-2F:IO-4Cl cell, resulting in a 0.4% IoBC. As we see in Figure 6.21, this is mainly due to

the fact that the PBDB-T-2F:Y6 EQE curve is significantly higher than that of PBDB-T-2F:IO-

4Cl across the entire spectrum. The latter’s lower thermalization losses cannot compensate

its lower EQE values, which results in a non-functional RAINBOW combination, where the

maximum combined efficiency is practically equal to that of the PBDB-T-2F:Y6 sub-cell.

The second combination is the one between PBDB-T-2F:Y6 as the blue cell and PTB7-

Th:COTIC-4F as the red cell. As we see in Figure 6.22 (left), this RAINBOW combination has

a positive IoBC of 10.5%, with a maximum combined efficiency of 13.7%. This is a clear case of

“photon scavenging”, where PTB7-Th:COTIC-4F, even with significantly lower EQE values, is

able to “scavenge” the lower energy photons that PBDB-T-2F:Y6 cannot absorb, resulting in a

functional RAINBOW cell combination.



186 Chapter 6. Rainbow Solar Cells

Figure 6.22: (left) RAINBOW combination of PBDB-T-2F:Y6 as blue cell and PTB7-
Th:COTIC-4F as red cell. Case of “photon scavenging”, where the red cell, even with lower
EQE values, can absorb the photons below the blue cell band gap, resulting in a functional
RAINBOW combination. (right) RAINBOW combination of PBDB-T-2F:IO-4Cl as blue cell
and PTB7-Th:COTIC-4F as red cell. Case of “complementary competition”, where the red and
blue cells have similar maximum EQE values, but very different band gap energies, resulting in
a highly advantageous RAINBOW combination.

The last possible combination is the best complemented, with PBDB-T-2F:IO-4Cl as the blue

cell and PTB7-Th:COTIC-4F as the red cell (Figure 6.22 (right)). This case is somewhere

inbetween the “perfect couple” and the “complementary competition”, where the EQE curves of

each sub-cell cover significantly different parts of the sun spectrum, but still with some degree

of overlap. As a result, their maximum combined efficiency is remarkably better than the

efficiency of either sub-cell, peaking at 10.1%, with an IoBC of 41%. This combination is the

most interesting for the RAINBOW solar cell concept, due to the high complementation between

the two different sub-cells. However, their lower efficiencies, compared to PBDB-T-2F:Y6, still

allow for improvements in this direction.
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6.4 Conclusions

In this chapter we have evaluated the feasibility of a new solar cell tandem architecture, which

we named RAINBOW solar cell. This concept consists in spectrally splitting an incoming

light beam into its colour components, and use this laterally separated light to illuminate a

horizontal solar cell tandem stack. This stack consists of multiple semiconducting junctions,

with distributed band gaps, laid out so that the incoming wavelength range closely matches

the band gap of the semiconductor in that particular position. This solar cell architecture

minimizes the amount of unabsorbed photons below the band gap, and reduces thermalization

losses associated with high-energy photon absorption.

This concept is significantly better than other, similar alternatives in that: it has a flat form

factor, making it scalable with the number of junctions and easier to assembly;479 it is highly

compatible with roll-to-roll technologies, using techniques that have already been thoroughly

studied specially in the world of organic semiconductors;495–498 it eliminates stacking defect

accumulation, characteristic in solution processed tandem stacks;469,470 and finally, it allows for

an easy implementation of n terminal configuration bypassing the need for current matching,

without the problems associated to semitransparent interlayer electrodes and mechanical cell

stacking.449,469,470

To evaluate the possible performance gains of such technology, as well as to determine the

most suitable materials, we have created a Python model that simulates the behaviour of

two junction RAINBOW solar cells, while evaluating its performance under different spectral

dividing wavelength conditions. These simulations provided us with insight on the general rules

for material selection, as well as with several illustrative examples that encompass most of the

possible RAINBOW scenarios for two junction combinations.

As a result of the simulations, we have selected three active layer blends, PBDB-T-2F:IO-4Cl,

PBDB-T-2F:Y6 and PTB7-Th:COTIC-4F, with band gaps that cover a wide range of the

solar spectrum, and have manufactured various solar cells to evaluate their performance in
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a RAINBOW configuration. Feeding the resulting EQE JV curves into the Python model

revealed that two of the three possible RAINBOW combinations exhibited a positive IoBC,

which indicates a successful RAINBOW combination. The positive IoBC combinations were

between PBDB-T-2F:Y6 and PTB7-Th:COTIC-4F, with a maximum combined PCE of 13.7%

and an IoBC of 10.5%, and between PBDB-T-2F:IO-4Cl and PTB7-Th:COTIC-4F with a

10.1% maximum combined PCE and a 41% IoBC. These experimental results show that the

RAINBOW concept is not only feasible, but it has good potential gains, which make further

studies in this field worth investigating.

In the next chapter we will study this architecture in more detail, manufacturing monolithic

devices and characterizing them with a custom experimental setup, specifically designed for

RAINBOW solar cell characterization.



Chapter 7

Rainbow Measurements

Abstract

In this chapter, we have focused on the fabrication and characterization of real RAINBOW

devices. To do so, we first designed and manufactured an experimental setup that is capable

of dynamically modifying its spectral output, emulating the conditions of the simulations in

Chapter 6. This setup has been used in combination with custom software to measure the JV

parameters of RAINBOW cell combinations, by splitting the solar spectrum into a red fraction

and a blue fraction. The measurements provide partial efficiency data, which is later combined

to evaluate the RAINBOW tandem performance of a particular cell combination. RAINBOW

combinations showed a high IoBC of 28% for PBTB-T-2F:IO-4Cl and PTB7-Th:COTIC, further

confirming the calculations performed in the previous chapter.

In order to fabricate a monolithic RAINBOW device, we have developed different partial coverage

deposition techniques based on blade coating and spin coating. By exploiting blend solution

surface tension and viscosity for the blade coater, and the centrifugal forces present during

the deposition for spin coating, we have been able to partially cover a substrate in a highly

controlled and repeatable way. With these partial deposition techniques, we have manufactured

two monolithic RAINBOW devices with a positive IoBC of 11.7% for PBDB-T-2F:IO-4Cl and

PTB7-Th:COTIC-4F and 11.5% IoBC for PBDB-T-2F:Y6 and PTB7-Th:COTIC-4F, results

that are in good agreement with the simulations and prove the feasibility of the RAINBOW

concept.

189
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7.1 Introduction

In current-matched vertical solar cell tandem stacks, performance characterization has commonly

been performed in a manner similar to that of single junction PV, where JV parameters are

extracted from a JV curve, obtained from the simultaneous measurement of the entire vertical

stack.432,521 Correspondingly, multi-terminal vertically stacked tandem solar cells, where each

individual sub-cell is electrically isolated, are characterized in a similar manner, where a separate

JV curve is measured for each individual sub-cell, and the resulting efficiency is simply added

together.442,444,499

This is an optimal characterization procedure, taking into account the spectral limitations associ-

ated with vertically stacked tandem solar cells, where the incoming light spectral distribution of

the bottom sub-cells is strictly dictated by the absorption range of the sub-cells above. In such

a stack, the illumination conditions of each sub-cell are completely fixed, so device efficiency

can be obtained with a single set of JV curves. In a similar manner, beam splitting tandem

technologies have been using the same characterization procedure as multi-terminal tandem

cells.522,523 This is because the usually high EQE values guarantee that optimal performance

will be achieved when the dichroic mirror cutting wavelength is equal to the absorption tail

wavelength of the higher Eg sub-cell.485

On the other hand, the concept of RAINBOW solar cells requires a more versatile method

to assess their performance and optimal dividing wavelength. That is because this concept is

oriented towards the field of solution processable photovoltaics, in particular OPV, where the

EQE curve of each sub-cell is not ideally shaped, resulting in unintuitive combinations, like

we have seen in the previous chapter. Furthermore, the wide availability of ever increasing

photoactive materials, with band gaps widely spread throughout the entire solar spectrum,

requires the use of a systematic approach to evaluate the performance and optimal dividing

wavelength of all possible RAINBOW combinations. That is why, based on the simulations and

calculations performed on the previous chapter, we designed and constructed an experimental
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setup capable of generating custom illumination spectra, which can be used to characterize

RAINBOW solar cells. This setup was fully designed and developed in collaboration with soon

to be doctor Miquel Casademont.

7.2 SOLS Setup

7.2.1 Concept and Construction

In order to characterize RAINBOW solar cells, we focused on building an experimental setup

capable of emulating the conditions of the python model discussed in the previous chapter. For

that, we need a way to illuminate a solar cell with a specific fraction of the solar spectrum,

accurately controlling it and being able to perform systematic modifications, while simultaneously

measuring solar cell performance. In order to perform such measurements, there exist some

solutions like multi-LED solar simulators, where by modifying the relative intensity of the

different colour LEDs, the output spectrum can be modified.524–526 The main disadvantage of

these solutions is their low spectral resolution, especially pronounced in the central region of the

sun spectrum, where few LEDs cover a wide fraction of the spectrum, making them far from

ideal for fine resolution characterization required by the RAINBOW systems.

To provide the high spectral resolution needed for RAINBOW characterization, we designed

an experimental setup that filters the spectrum in a controlled manner. This is achieved in

three steps: Firstly, light colour components are spatially separated into a rainbow. Secondly,

the spatially separated beam passes through a specifically designed dynamic mask, which

blocks specific wavelength components. And lastly, the spectrum is recombined again into a

homogeneous light spot. With this contraption, we are able to generate any Spectrum On-

demand from a given Light Source (SOLS), giving us the name of the setup. The resulting SOLS

setup is capable of converting any solar simulator into a RAINBOW characterization station,

capable of emulating the conditions of previous chapter simulations in a real measurement.
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Figure 7.1: Schematic representation of the first embodiment of SOLS setup, representing the
light passage across the different optical components.

The SOLS setup consists of several parts, schematically represented in Figure 7.1, which we

will discuss in detail in the following paragraphs, in a logical order that does not necessarily

coincide with the light path.

White
Light Flint Glass Spectral

Dispersion

Crown     Glass

Figure 7.2: White light dispersion in an Amici
Prism.

The first part on the incoming light (1) path is

a diffractive element that spatially separates

the colours, which in this embodiment is de-

picted as a type of dispersive prism known as

an Amici prism (2). In this case, spectral sep-

aration (3) arises from the refractive index

wavelength dependence, which results in different colour light components being refracted at
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different angles. The main advantage of the Amici prism compared to regular diffractive prisms

is that, with a clever arrangement of prisms with different diffractive properties, great wavelength

separation can be achieved without a significant change in the optical axis, defined by the central

wavelength of the prism (Figure 7.2).

In order to spatially filter the spread solar spectrum, as a first approximation for this embodiment,

we devised two solutions that, when simultaneously implemented, allowed us to dynamically and

accurately control the spectral output of the SOLS. The first solution consists of an accurately

shaped static mask (6) that, when placed in the spatially separated light spectrum, modulates

the relative spectral intensities to fully conform the output spectrum to the sun’s spectrum,

resulting in an “Class A” solar simulator in almost the entire solar spectrum (Figure 7.3).

With its small fins (6a), this mask partially blocks certain parts of the spectrum, reducing

the intensity of these specific wavelength components, fine-tuning the final spectral shape. We

can quickly see that, with this filtering mechanism, the spectral filtering resolution is directly

proportional to wavelength dispersion. Because of that, we tried to spread the colours as much

as the experimental setup allowed for.

Figure 7.3: Comparison between AM 1.5 G solar spectrum and SOLS output spectrum for
“1 sun” and “0.5 sun” illumination conditions, with integrated irradiance difference and resulting
solar simulator class (top).
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Figure 7.4: Spectrally split solar spectrum (a) partially blocked by the
SOLS motorized guillotines (b). Individual spectra resulting from the SOLS
filtration guillotines (c).

In order to divide the

spectrum in two parts

in a systematic man-

ner, we used two motor-

ized guillotines (5) that

laterally block a vari-

able portion of the spec-

trum (Figure 7.4 (b)) to

create the “red fraction”

or the “blue fraction”.

These guillotines can be

operated separately to

emulate the behaviour

of a dichroic mirror, or

simultaneously, to ob-

tain narrow band spec-

tra for RAINBOW so-

lar cells with more than

two junctions. Being

motorized, we can ac-

curately control the position of the guillotines in a highly repeatable way, laterally filtering

the spread light into neatly cut spectra (Figure 7.4 (c)), especially within the visible range.

Complementing the static spatial mask, this solution allows us to dynamically filter the spectrum,

emulating the conditions of previous chapter simulations.

We want to note that these spatial filtering solutions are just a first approximation to mechanically

filter the spectrum in this particular embodiment. There is a wide range of better, more complex

solutions that will be implemented in future versions of the SOLS setup, further discussed in

this thesis Appendix E.3: Alternative Spectral Filtration Systems.
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Figure 7.5: 3D printed custom curvature first surface mirror, reconcentrating light dispersed
after the Amici prism.

To remix the diverging light, we needed a way to counteract the colour diffraction introduced

by the Amici prism, so that the different wavelengths converge on one single spot, where the

RAINBOW sub-cell is located. In this embodiment, we used a very wide custom curvature

cylindrical mirror (4), that is big enough to redirect the widespread colour beam into a focal

point. The main problem with such a big unconventional mirror is that this type of mirror is not

commercially available unless custom made. However, since this was the first embodiment and

we did not have accurate manufacturing dimensions, we decided to build it ourselves to be able

to iterate through several prototypes. After a significant amount of trial and error, we ended up

with a rather nice 3D printed first surface mirror (Figure 7.5), with a custom curvature and

corrosion protection. Further details about the calculations and construction can be found in

Appendix E.1. By combining this mirror with a vertical cylindrical lens (7), we were able to

reconcentrate the light into a small 7x5 mm spot, an area slightly larger than our solar cells.

This spectrally separated reconcentrated beam was perfectly useful for the simultaneous mea-

surement of every sub-unit of a RAINBOW solar cell. Providing us with a direct measurement

mode where we can control the exact illumination conditions for each RAINBOW sub-unit.

However, this reconcentration strategy was not suitable for the optimization of the dividing

wavelength in each individual sub-unit, where we need homogeneous illumination throughout

one single RAINBOW sub-unit.
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Figure 7.6: Light homogenization capabilities of a diffuser
combined with a light pipe.

The main problem with this recon-

centration strategy for the mea-

surement of single RAINBOW sub-

units was the lack of spectral ho-

mogeneity within the illuminated

area. Being separated, even though

the colours were reconcentrated

by the mirror into a small area,

upon laterally filtering with the

guillotines, the width of the spot

decreased linearly with the filter-

ing. This presented a serious prob-

lem, since most cells operate best

under homogeneous lighting con-

ditions.527–529 To solve that issue,

we devised a simple yet effective

contraption that combined a light diffuser (8) placed on the focal point of the mirror and

a light pipe (9) that homogenized the dispersed light coming from the diffuser. On the

light pipe output (10), after all colours have thoroughly mixed, the spectral homogeneity of the

beam is optimal (Figure 7.6). For more information on the light pipe assembly and design, the

reader is referred to Appendix E.2: Light Pipe.

The resulting SOLS setup is a really powerful spectral shaper, capable of outputting completely

custom spectra within the boundaries set by input spectrum. As a fun, food analogy, we can

compare the SOLS with a cookie cutter, where as long as your light source spectrum (dough)

is wider and taller than your desired output spectra (cookie-cutter shape), the SOLS will be

able to reproduce it. In Figure 7.7, we can see some of the first approximations to fully custom

spectra, with the current SOLS embodiment.
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Figure 7.7: SOLS custom output spectra, with the ideal
version and the first approximation of an M-shaped spectrum
(top) and two top hat spectra (bottom).

We want to note, however, that the

SOLS setup still has plenty of room

for improvement in many aspects.

On the one hand, being the first

iteration, its spectral shaping ca-

pabilities are far from perfect, as

we can see in Figure 7.7, where the

spectral cut is not perfectly sharp.

On the other hand, this first em-

bodiment is still not able to per-

fectly reproduce the ideal RAIN-

BOW conditions, due to a lack of concentrating power. As we stated in the previous chapter,

in a RAINBOW solar cell, the solar spectrum is redistributed among the sub-cells, spectrally

concentrating the power into various wavelength regions. In order to reproduce such conditions,

we need a high degree of concentration, dictated by the width of smallest wavelength range we

want to measure. Higher concentration capabilities lead to narrower wavelength range resolution.

In this first embodiment, however, the spectrum is divided between the two sub-cells without

any concentration, limiting the operation of the SOLS within the conditions of previous chapter

simulations. This first step has been necessary in order to validate previous results, and to pave

the way for the following iterations of the SOLS setup, providing us with a quick and reliable

method for the determination of useful tandem combinations.

Wavelength Sweep Types

The lateral spectral filtration used in the SOLS setup introduces a series of concepts that we

need to discuss in order to understand the operation of this experimental setup.

The first thing to notice is that, with this setup, we are not measuring the two sub-cells

simultaneously by dividing the spectrum, which would be the normal operating conditions
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Figure 7.8: Operation principle differences between the RAINBOW simulations, using the
entire spectrum (a), and the SOLS setup measurements, partially blocking a spectral fraction
(b).

of RAINBOW solar cells. Rather, we are measuring one sub-cell at a time with a given

spectral fraction, discarding the remaining fraction, which in a real RAINBOW device would

be redirected to the other sub-cell (Figure 7.8). As a result, the measurement is divided in

two sub-measurements, one for each sub-cell, where they can be illuminated with either the

“red fraction” or the “blue fraction”, while the guillotines block the remaining light. These two

measurements are consequently called, “red sweep”, when the sub-cell is illuminated with the

“red fraction”, and “blue sweep” when using the “blue fraction”.

The main advantage of this procedure is that we can scan each cell treating it as the “red” or

the “blue” cell, without necessarily having to physically combine the measurement with another

sub-cell. These measurements are later combined using software, to evaluate the RAINBOW

performance of any sub-cell combination, needing only the individual measurements of each

sub-cell.

This measurement procedure also introduces another less crucial concept, related to the fact

that the wavelength sweep can be performed in two different ways. We can either begin the

measurement by blocking entire spectrum, gradually adding light as the sweep progresses, called

an “opening sweep”. Or we can do the opposite, and start with the entire spectrum, gradually

removing light as we move the guillotine, called a “closing sweep”. Combining these two concepts

results in 4 sweep types: blue opening sweep, blue closing sweep, red opening sweep, and red
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closing sweep. Even if the opening/closing sweep factor might seem unimportant at first, it can

have significant effects in phenomena such as UV photoactivation or UV driven degradation. As

an example, in the case of “red sweeps”, it might be more interesting to perform a “red opening

sweep” to expose the cell to as little UV as possible during the measurement, to minimize

degradation.

Dividing Wavelength Calibration

To perform RAINBOW measurements with the SOLS setup, we needed a way to correlate the

position of the motors and the guillotines with the dividing wavelength of the output spectra.

To do so, we measured the SOLS output spectrum for every possible guillotine position by

coupling the light output into a fiber optic spectrometer. The resulting spectra, however, were

not as sharply cut as those of the simulations, due to imperfections in wavelength separation,

which were especially pronounced in the NIR range (Figure 7.9).

Figure 7.9: SOLS spectral fraction complementarity for various dividing wavelengths, with the
fractions added up and the solar simulator spectrum as a reference.
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To account for such imperfections, we fitted a sigmoid curve for each filtered spectrum and

calculated an effective dividing wavelength for each motor position. From these calculations we

obtained a direct correlation table between motor position and calculated dividing wavelength,

greatly simplifying motor operation. In order to ensure the reliability of this calibration, we

measured the output spectra for both a “red sweep” and a “blue sweep” on the same dividing

wavelength, added them together, and compared the resulting combined spectrum with the

solar simulator spectrum. The resulting added spectrum is almost exactly equal to the solar

simulator spectrum, so we can ensure that the spectral fractions of a “red sweep” and for a

“blue sweep” are perfectly complementary for the same dividing wavelength, indicating that our

fitting method was accurate in dividing the spectrum in two equal parts, even if the division

was not a perfect step function (Figure 7.9).

Cell XYZ Stage

In the current embodiment of the SOLS setup, in order to measure a solar cell, we need to place

it in direct contact with the end of the light pipe, to guarantee constant lighting conditions.

Besides, we also needed to measure the light pipe power output, to calculate cell efficiency, by

placing it in close contact to a thermopile, as well as the spectrum, to make sure the output is

consistent with the solar spectrum, by inserting the light pipe into a fiber coupler.

The requirement to precisely move a considerable amount of delicate detectors and cells in

and out of the light pipe, demanded the use of a motorized stage. Nonetheless, since the ones

available in Thorlabs did not provide enough movement range at a reasonable cost and were not

easy to implement, we decided to design and build our own.

The resulting motorized stage consists of a main carriage, mounted on a custom made XYZ stage,

similar to that used in the EQE setup, but with an extra coordinate to be able to move in

the Y direction, to approximate the detectors and the cell in and out of the light pipe. The

main carriage holds a Pika demultiplexer board, a thermopile, and a Thorlabs lens and fiber

optic coupling, connected to a flame spectrometer (Figure 7.10). The Pika demultiplexer is held
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Figure 7.10: Motorized stage schematic view placed in front of the light pipe compliant fixture,
to move the multiple sensors and cells in and out of the light pipe.

on the carriage with magnets so that changing the cell is easier while maintaining positional

accuracy, making sure that the cell is always in the same position after placing the Pika board

back on the main carriage.

While this motorized stage is technically not an intrinsic part of the SOLS setup, it has proven

to be crucial to reliably measure our particular solar cells. Besides, it allowed us to perform

extremely long experiments with careful calibration on each measurement, with high repeatability

and without the need of constant user interaction.

7.2.2 Software and operation

The entire RAINBOW measurement procedure requires the presence of some kind of director

that is able to precisely control all the instruments, sensors, and actuators while at the same

time gathering, processing, and saving all the data generated on every measurement. To achieve

this arduous task, we have developed a powerful piece of software that acts as the main brain of

all RAINBOW measurements, relieving most of the hard work from the user, for headache-free
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Figure 7.11: Schematic view of all the sensors and actuators controlled by the RAINBOW
software, enumerated for further reference in the text.

measurements (Figure 7.11). This software was developed on LabVIEW NXG, because of its

intuitive graphical user interfaces that make for an easy user interaction, and because it is an

intuitive programming language in which we had already developed several instrumentation

libraries, to control devices such as the Keithley SMU (b) or the Thorlabs photodetectors (c).

To develop a fully functional software capable of handling all possible scenarios, we programmed

more than 600 subroutines that spread over multiple different tabs (Figure 7.12), which provide us

with various functionalities, from regular single cell and multiple cell RAINBOW measurements,

to calibration procedures and software debugging. Besides the main software, we have also

developed several additional instrument libraries, in order to control the Thorlabs motors (h)

and the Flame spectrometer (c), which had not been developed for this version of LabVIEW.
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Figure 7.12: Front panel view of the main RAINBOW software graphical user interface, with
the three main parameter selectors highlighted.

To get a sense of the complexity of one single measurement and to further understand the

equipment, let us run through the entire measurement procedure step by step:

The first step in any measurement consists in turning on all the necessary equipment, and

leaving the solar simulator on for at least 10 min to ensure a stable output, before starting the

measurements. While the spectrum stabilizes, we detach the Pika demultiplexer board (a) from

the main carriage, where we place our substrate containing the 24 cells, and then re-attach it

with the magnets. At this point, our interaction with the SOLS hardware comes to an end. This

limited interaction with the hardware makes for a user-friendly equipment that only requires

the operator to change the sample, with the setup taking care of everything else.

With the substrate in place, we select all the parameters necessary for our RAINBOW measure-

ment. These are related to the various aspects of RAINBOW measurements, and are divided in

3 parts: RAINBOW Sweep parameters, where we select the sweep type and dividing wavelength

range; JV Parameters, that determine the JV curve range; and Cell selection, to select which

cells to measure.

The measurement starts by homing the motorized stage (g), for positional accuracy, and then

moving it so that the thermopile (e) is carefully placed in front of the light pipe (Figure 7.13 (a)).
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Figure 7.13: Light pipe in close contact with the thermopile (a) to ensure proper power density
measurements, and with the cell (b) to guarantee homogeneous lighting conditions and repeatable
power densities.

This way, we are able to measure the power output of the SOLS setup for calibration and

calculation purposes, since every efficiency measurement is normalized with the total spectral

power. After that, the thermopile is slowly retracted away from the light pipe, and the carriage

moves so that the first selected cell is placed directly in front of the light pipe (Figure 7.13 (b)).

With the cell in place, the spectral filter guillotines (h) move to their starting position, depending

on the type of sweep, and then move to the first dividing wavelength position. Once illuminated

with the right spectrum, the software instructs the Keithley SMU to take the first JV curve at

that dividing wavelength.

After this first JV curve, the spectral filter guillotines move to the next dividing wavelength

position, where the Keithley SMU measures another JV curve, repeating this process at each

dividing wavelength, without moving the main carriage, for each of the selected sweep types.

Once the first cell measurement is finished, the carriage slowly retracts the substrate, and moves

so that the next selected cell is placed on the end of the light pipe. At this point, this entire

measurement process repeats for each of the selected cells, completely automatically, until the

measurement is complete, at which point the carriage fully retracts so that the user can safely

remove the substrate without damaging the light pipe.

The software takes all JV curves generated during the measurement and processes them to

extract all the JV parameters at every dividing wavelength. The results are then saved on
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multiple “.txt” files, stored in recursive folders, with a specific hierarchical structure. This specific

structure allows the software to load a given measurement, either for data visualization or post

processing, while keeping the files human readable and compatible with different data processing

software. Furthermore, similarly to 3: Grazing Incidence X-Ray Scattering Characterization the

files are structured with the author’s initials and measurement date, and with comprehensive

folder names, so they are easy to browse. Examples of the data and graphs resulting from a

RAINBOW measurement can be seen in the following section.

7.3 Rainbow Measurements

The process of properly calibrating the SOLS setup proved to be more challenging than we first

anticipated, mainly due to limitations in our sensors and a lack of expertise with the setup.

Disregarding such limitations, we opted to perform RAINBOW measurements with non-optimal

spectral conditions, to begin to assess the performance of the SOLS setup, as well as to further

aid in the calibration process. As a result, the following measurements have slightly higher

absolute efficiency values when compared with solar simulator measurements. Because of these

limitations, we will mainly focus on the IoBC, a parameter virtually independent from absolute

efficiency values.

The first SOLS measurement results revealed a series of different behaviours for the different JV

parameters related to the variations in the spectral fraction with the dividing wavelength. We

can see in both Figure 7.14 and Figure 7.15, that the PCE behaviour is mainly driven by the

Jsc component, with the Voc and FF rapidly saturating and having minor variations throughout

the entire dividing wavelength range.

In both sub-cells, the Jsc is directly proportional to the size of the spectrum illuminating

each sub-cell, a proportionality that arises from the fundamental relationship between sub-cell

current and incident photon flux. Nevertheless, taking a closer look into the PBDB-T-2F:IO-4Cl

“blue cell” Jsc, we can clearly appreciate how the Jsc slope changes suddenly after the dividing

wavelength sweep surpasses 700 nm, bringing the current increase almost to a halt (Figure 7.15).
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Figure 7.14: JV parameters of a RAINBOW “red sweep closing” single sub-cell measurement
for various different thicknesses of PTB7-Th:COTIC-4F based devices.

Figure 7.15: JV parameters of a RAINBOW “blue sweep opening” single sub-cell measurement
for various different thicknesses of PBDB-T-2F:IO-4Cl based devices.
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This slope change can be attributed to the fact that the PBDB-T-2F:IO-4Cl active layer

band gap is located around 700 nm, so all photons below that wavelength will not contribute to

the photocurrent. Because of that, after the dividing wavelength sweep surpasses the 700 nm

mark, these low energy photons do not increase this sub-cell photocurrent. Meanwhile, with a

band gap well below the measuring range of the SOLS setup, the PTB7-Th:COTIC-4F sub-cell

has a Jsc component that constantly increases with the increasing spectral fraction (Figure 7.14).

On the other hand, in both figures, we see that the Voc quickly saturates to its maximum value

in a logarithmic trend when being illuminated with an increasing fraction of the spectrum. More

than a spectral distribution, this behaviour seems to be connected with the relation between

Voc and illumination intensity, a phenomenon well reported in the literature.528,530 A similar

behaviour can be seen for the FF, where it reaches a saturation point from which it starts to

decrease again with a moderate slope. This behaviour can also be attributed to a relation with

Figure 7.16: Combined PCE (top) and Jsc (bottom) for RAINBOW combinations between
PBDB-T-2F:IO-4Cl as the “blue cell” and PTB7-Th:COTIC-4F as the “red cell”, with a variety
of thicknesses for the two sub-cells.
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different light intensity levels along the dividing wavelength sweep.531,532 We see that, above a

certain light intensity threshold, these two parameters seem to play a minor role in determining

the final partial efficiency of each sub-cell, being eclipsed by the variations in Jsc.

These dividing wavelength dependent parameters are combined to evaluate the RAINBOW

performance of any two different sub-cells. In this way, we can measure materials separately

and then combine their efficiencies computationally, similar to what we did in previous chapters

using the EQE and JV curves. However, with this approach, we are actually measuring the real

JV parameters under different spectral illumination conditions, instead of evaluating them from

EQE integration.

The merging of these two measurements shows the combined performance of PBDB-T-2F:IO-4Cl

as the “blue cell”, and PTB7-Th:COTIC-4F as the “red cell”, resulting in a really high IoBC of

28% (Figure 7.16). This high IoBC is in agreement with previous simulations and calculations,

confirming the correct functioning of the SOLS setup, even if the maximum efficiencies are

higher due to a slight spectral miscalibration. This increase in performance is mainly related to

a reduction of thermalization losses, a fact that is made apparent by the constant combined Jsc,

that never rises above the “red cell” maximum Jsc. Each photon redirected from the “red cell”,

to the “blue cell”, has an equivalent current contribution with a higher Voc, resulting in a higher

combined PCE.

7.4 Partial Deposition Techniques

To bring RAINBOW solar cells to reality, we need to be able to manufacture single-junction

solar cells by disposing them laterally in close contact with each other. To do so, there are

few available techniques, which rely mainly on stripe slot die coating, inkjet printing, and

hydrophobic droplet splitting.495–498,533–538 The only problem is that we do not have the means

to fabricate cells with these techniques, so we had to devise a way to reproduce the same results

with more widespread coating procedures, such as blade coating and spin coating.
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Figure 7.17: Partial blade coating principle (a) with a custom blade following a similar strategy
as a slot die coater (b). Working principle of the substrate partial coverage (c).

In the case of blade coating, the lateral deposition was achieved with a custom narrow blade that

constricts the meniscus to be within a certain portion of the substrate rather than allowing it to

wet the entire surface (Figure 7.17 (c)). The high surface tension and viscosity of the solution

prevent it from spreading through the entire substrate, resulting in a really accurate partial

deposition. After several prototypes, we settled on one that partially emulated the behaviour of

a slot die with a central cavity that served as a reservoir for the blend solution (Figure 7.17 (b)).

This reservoir stabilized the meniscus, acting as a buffer that contained the high initial amount

of liquid volume, preventing the meniscus from spreading, while providing a constant supply of

liquid throughout the deposition process.

Figure 7.18: Blade partial deposited active layers with
multiple solutions (a), and finished device with the active
layer division placed exactly between the electrodes (b).

As we can see in Figure 7.18, the results

are really precise and repeatable for a

wide variety of blend compositions. We

manufactured the custom design blade

by using a resin 3D printer that provided

the high accuracy needed for the small

slot die features, while the UV curable

resin ensured high solvent resistance, due

to its high cross-linking ratio.
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Figure 7.19: Partially spin coated substrates with a high degree of repeatability (a), with up
to four different layers on the same substrate without cross contamination (b). Unoptimized
angular velocity and acceleration lead to cross contamination (c). PCR spin coating working
principle and steps (d).

For the case of spin coating, to our knowledge, there are no reported techniques that are capable

of a conformal partial substrate coverage. The closest solution consists in masking half of the

substrate with a solid PDMS stamp and depositing the solution on the other half before spinning

it. The close contact between the PDMS and the glass keeps the solution away from the masked

area, resulting in a partial substrate coverage. The main problem with this technique is that

the lateral PDMS-solution interface induces an additional meniscus, resulting in huge coffee

stains, with wide thickness variations within the active layer.

Being the main problem, we tried to eliminate the meniscus by preventing the solution from

contacting the PDMS, by carefully depositing the solution on the substrate, leaving a small

gap between the liquid and the PDMS stamp. The resulting active layers were perfectly

homogeneous without major thickness variations. Upon further experimentation, we realized

that the PDMS was completely unnecessary because the centrifugal forces acting on the liquid

will always push the solution outward radially, keeping the solution away from the uncovered

areas. (Figure 7.19 (d)). Experimenting with this hypothesis we confirmed that, by depositing

the solution in only one half of the substrate, and regulating the amount of liquid, maximum

angular velocity and acceleration, we could reliably cover half of the substrate, leaving the other

half completely untainted (Figure 7.19 (a)). At least in theory, this new technique allows us to
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Figure 7.20: (a) PCR spin coating 3D printed half deposition guide. (b) PCR Spin coated
monolithic RAINBOW devices, for the positive IoBC RAINBOW materials.

partially cover a substrate with n different layers, as long as they are radially distributed, since

the main force the liquid experiences is radially pointing outwards, forcing the liquid away from

the center. With this technique, we were able to deposit up to 4 different solutions on a single

substrate by depositing them in a radial distribution (Figure 7.19 (b)). Consequently, we have

named this technique Partial Coverage Radial (PCR) cpin coating.

One disadvantage of this technique is that if we do not adjust the amount of liquid, the angular

velocity and acceleration, the solution can be dragged through the substrate, staining the

uncovered part (Figure 7.19 (c)). However, by tuning the parameters, it is not difficult to

achieve optimal deposition conditions. For a small 20 x 20 mm substrate we typically use

around 25 µl with angular accelerations as low as 100 rpm s-1, with higher angular accelerations

for higher viscosity liquids. The other main disadvantage is that the precision of the partial

coverage greatly depends on the steady hand of the operator during the deposition. To mitigate

this, we have 3D printed a small guide that guarantees a straight line every time, as we can see

in Figure 7.20 (a).

7.4.1 Proof of concept device

We have manufactured various devices by using the partial deposition techniques discussed in

the previous section. We can see (Figure 7.20 (b)) that the resulting devices have a well defined

boundary that is far from the contacts, ensuring device reliability.



212 Chapter 7. Rainbow Measurements

Figure 7.21: First monolithic RAINBOW device combined performance calculations, using the
EQE and JV curves as input data. (left) PBDB-T-2F:Y6 as the “blue cell” and PTB7-Th:COTIC-
4F as the “red cell”, (right) PBDB-T-2F:IO-4Cl as the “blue cell” and PTB7-Th:COTIC-4F as
the “red cell”.

Figure 7.22: LED solar simulator spectra used for the charac-
terization of monolithic RAINBOW devices, with the two fixed
dividing wavelengths and their respective spectral fractions.

By separately measuring the EQE

and JV curves of each sub-cell,

we were able to calculate the the-

oretical RAINBOW performance

of these first prototypes. As we

can see in Figure 7.21, both com-

binations exhibit a positive IoBC

and relatively good combined ef-

ficiencies. In the case of PBDB-

T-2F:Y6 as the “blue cell” and

PTB7-Th:COTIC-4F as the “red

cell” (Figure 7.21 (left)), we see

that the EQE curves are highly complementary, resulting in a great calculated PCEmax of

13.2% with an IoBC of 11.4%, results that are in good agreement with single device calculations

performed in the previous chapter. On the other hand, we see that the RAINBOW combination
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with PBDB-T-2F:IO-4Cl as the “blue cell” and PTB7-Th:COTIC-4F as the “red cell” is un-

derperforming (Figure 7.21 (right)), with a poor calculated PCEmax of 8.4% and an IoBC of

15.4%. Although the EQE curves of each sub-cell are highly complementary, “blue cell’s” poor

performance is compromising overall RAINBOW efficiency.

Because of a fused lamp, we have not yet been able to use the SOLS setup for the full

RAINBOW characterization of these devices. Nevertheless, as a preliminary characterization,

we measured their combined performance with the LED solar simulator, with just one fixed

dividing wavelength. The engineered spectra (Figure 7.22) have been chosen to match the

optimal dividing wavelength of the two different RAINBOW combinations as closely as possible,

at ∼850 nm and ∼700 nm for each pair. Measuring with the LED solar simulator gave us

greater spectral separation capabilities on the NIR region, which in the current embodiment of

the SOLS setup is rather limited.

Material λ fraction Voc (V) FF (%) Jsc (A m-2) PCE (%)
Full Sun 0.81 60.8 241.8 11.94

Red fraction 0.73 70.5 17 0.88PBDB-T-2F:
Y6

Blue fraction 0.81 61.0 223.1 11.05

Full Sun 0.57 50.7 253.9 7.35
Blue fraction 0.56 53.0 185 5.54PTB7-Th:

COTIC-4F
Red fraction 0.54 58.6 70.9 2.26

Combined Performance - - - 294.0 13.31

Table 7.1: Monolithic RAINBOW device performance, with PBDB-T-2F:Y6 as the “blue cell”
and PTB7-Th:COTIC-4F as the “red cell”, measured with the LED solar simulator with various
spectra, simulating the behaviour of the SOLS setup.

We can see in Table 7.1 that, for the case of PBDB-T-2F:Y6 as the “blue cell” and PTB7-

Th:COTIC-4F as the “red cell”, we have a good IoBC of 11.5%. This increase in efficiency

is mainly related to the Jsc contribution of the “red cell”, which absorbs photons below the

band gap of the “blue cell”. We see this difference reflected in the red fraction Jsc component

in Table 7.1, where PBDB-T-2F:Y6 has a Jsc of only 17 A W-1 when illuminated with the red

fraction, while the one in PTB7-Th:COTIC-4F is over four times higher.
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According to single sub-unit measurements performed in the previous chapter, we would

expect the RAINBOW combination between PBDB-T-2F:IO-4Cl as the “blue cell” and PTB7-

Th:COTIC-4F as the “red cell”, to be the one with the highest IoBC. However, as we can see in

Table 7.2, under LED custom spectra this combination only exhibits an 11.7% IoBC, a value

significantly lower to those seen in single sub-unit devices. We attribute this lower performance

to the poor PCE of our PBDB-T-2F:IO-4Cl devices, which have proven to be challenging

to reproduce regardless of the deposition method, without any certainty at the moment on

the origin of the problem. After much trial and error trying to manufacture single sub-unit

and RAINBOW devices, and several different batches of material later, these underperforming

PBDB-T-2F:IO-4Cl devices are the best we have been able to manufacture. Nevertheless, the

positive IoBC of these low-efficiency device RAINBOW combinations indicates that optimal

devices will exhibit even greater performance increases.

Material λ fraction Voc (V) FF (%) Jsc (A m-2) PCE (%)
Full Sun 1.16 47.6 68.6 3.78

Red fraction 0.61 33.4 1.9 0.04PBDB-T-2F:
IO-4Cl

Blue fraction 1.16 46.5 66.5 3.59

Full Sun 0.56 54.8 236.6 7.28
Blue fraction 0.55 59.8 99.5 3.26PTB7-Th:

COTIC-4F
Red fraction 0.55 58.3 140.4 4.54

Combined Performance - - - 206.9 8.13

Table 7.2: Monolithic RAINBOW device performance, with PBDB-T-2F:IO-4Cl as the “blue
cell” and PTB7-Th:COTIC-4F as the “red cell”, measured with the LED solar simulator with
various spectra, simulating the behaviour of the SOLS setup.

Comparing the calculations and the preliminary measurements performed with the LED solar

simulator on the first real RAINBOW prototypes we see they are in quite good agreement. These

results are a solid validation of the simulations, calculations, and the RAINBOW algorithm

working principle in general, which has proven to be useful to quickly calculate the optimal

dividing wavelength for any given RAINBOW combination.



7.5. Conclusions 215

7.5 Conclusions

In this chapter we have designed and built an experimental setup, capable of characterizing

RAINBOW solar cells, which we named SOLS. This setup is capable of carving an input spectrum

into any desired shape by selectively modulating the intensity at each given wavelength. To do

so, it takes light from any light source as an input and separates it into its spectral components.

This laterally spread light beam is then spatially filtered, before being refocused into a light

mixer that outputs a fully homogeneous spot.

We have demonstrated that, as long as the desired output power does not exceed the input power

in any wavelength, and accounting for the losses, this setup can produce a wide variety of custom

shaped spectra. Besides, this spectral shaping can be dynamically controlled with two motorized

guillotines that allow us to emulate the conditions from previous chapter’s simulations.

To perform the RAINBOW measurements, we utilized the SOLS setup to divide the solar

spectrum in two fractions through a precisely controlled dividing wavelength, illuminating the

cell to be measured with one spectral fraction, while measuring its performance at each dividing

wavelength. These measurements provide us with partial efficiency data, as well as individual

JV curves at each dividing wavelength with all their associated JV parameters, which can later

be combined to evaluate the RAINBOW tandem performance of a particular cell combination.

In order to manage all the data and control all the instruments necessary to perform RAINBOW

measurements, we have developed a powerful piece of software and an automated XYZ stage that,

when combined, are capable of conducting all the operations needed during the experiments,

while at the same time presenting an intuitive graphical user interface and a comfortable user

experience.

The first homogeneous cell SOLS measurements resulted in great RAINBOW combinations,

with an IoBC of 28% for PBTB-T-2F:IO-4Cl as the “blue cell” combined with PTB7-Th:COTIC

as the “red cell”, with a dividing wavelength located around 600 nm, further confirming the

calculations performed in the previous chapter.
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To fabricate a proof-of-concept RAINBOW device, we developed different partial coverage

deposition techniques based on blade coating and spin coating. In the case of blade coating,

we exploited the surface tension and viscosity of the blend solution to control the deposition

meniscus, with a custom 3D printed blade that allowed us to partially cover a substrate in a

highly controlled and repeatable way. On the other hand, we achieved partial substrate coverage

with PCR spin coating, by making use of the centrifugal forces present during the deposition.

By carefully depositing the solution in a radially symmetric distribution and controlling the

angular velocity and acceleration, the centrifugal forces maintain the solution within a small

area. In this way, we can accurately deposit a homogeneous layer on a small section of the

substrate, resulting in a very promising deposition technique.

With such partial deposition techniques, we have manufactured two monolithic RAINBOW

devices with positive IoBC. The combination between PBDB-T-2F:IO-4Cl as and PTB7-

Th:COTIC-4F yielded a lower than expected IoBC of 11.7% IoBC, lower in both the calculations

and the LED custom spectra measurements, because of the difficulties in reproducing high

efficiency PBDB-T-2F:IO-4Cl devices. On the other hand, RAINBOW combinations based

on PBDB-T-2F:Y6 and PTB7-Th:COTIC-4F, resulted in an 11.5% IoBC, agreeing with the

simulations and calculations, demonstrating the feasibility of the RAINBOW concept.



Chapter 8

Thesis Conclusions and Perspectives

Abstract

This thesis has been devoted to organic solar cell efficiency enhancement, taking notably different

approaches, from the development of basic manufacturing and characterization experimental

setups, to the exploration of novel strategies focused on improving cell performance in various

forms. Firstly, we have developed an entire characterization environment capable of performing

fast, reliable JV and EQE measurements in a highly automated way, as well as processing the

generated data with integrated report generation. Secondly, we have explored the effect of

active layer nanostructuring on the wavelength dependent response of organic solar cells and

photodetectors, which resulted in higher light conversion efficiencies below the band gap of the

photoactive material, arising from an increased charge transfer state absorption. Thirdly, we

have investigated the effect of active layer temperature on organic solar cell efficiency, designing

and building a temperature regulable JV characterization setup. Finally, we have devised a

novel horizontal tandem architecture, based on spectral splitting and multi-material monolithic

deposition, simulating and fabricating functional devices, as well as developing and building an

entirely new experimental setup to characterize them.
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8.1 Automation in OPV Characterization

In the first part of this thesis we have developed two experimental setups that accelerate,

systematize and automate the characterization of various optoelectronic devices within our

group, designed to be easy to assemble, reliable and affordable, to enable implementation in

any possible environment. The first is a JV characterization setup, consisting of a custom

demultiplexing circuit board with 3D printed accessories, combined with a LabVIEW based

orchestrating software that, together with an SMU, coordinates the entire JV characterization

process, as well as the data processing and report generation. The second setup is a robotic EQE

measurement system that is able to automatically perform multiple cell EQE measurements in

a highly reproducible manner. This setup consists of a supercontinuum laser combined with

a fully 3D printed XZ stage, and the previously developed demultiplexing board, all together

being orchestrated through a powerful piece of LabVIEW software.

Even though during this thesis there has been a continuous process of optimization for both

setups, they still have plenty of room for improvement. On the one hand, the database

connectivity of the Pika demultiplexer is not fully implemented and still requires some polishing

with the automatic LabVIEW data input. Parallelly, the “Smart Mode” measuring option

needs to be properly benchmarked, to fully make sure the results are as reliable as a normal

JV curve sweep. On the other hand, as we can see in every experimental chapter, the EQE

measurements performed with our current setup present a significant amount of ringing close to

the UV wavelength range, likely caused by a slight mismatch between the power calibration

wavelength and the measurement wavelength (< 1nm). This can most likely be solved by

implementing the simultaneous measurement of the power and the cell, with a beam power

sampler. Additional improvements to the setup will include the implementation of a lock-in,

for higher measurement sensitivity, and the possibility of having a white-light bias, for more

realistic operation conditions. Finally, the newest filter flipper version, using faster and stronger

servo motors has not yet been implemented, being on the construction phase.
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8.2 Enhancing OPV Performance with Nanoimprinted

2D Photonic Structures

In the following chapter we have explored the effects of active layer nanostructuring on both

organic solar cells and organic photodetectors, based on different active layer blends. Regarding

solar cells, the nanostructuring of P3HT:PC61BM blends resulted in an enhanced Jsc combined

with lower FF, resulting in similar solar cell efficiencies for both nanostructured and flat devices,

whereas for PBDB-T:ITIC the process was unsuccessful because of the additional plasticiser

requirements.

On the other hand, we have reported a new organic photodetector architecture based on

P3HT:PC61BM and PBTTT:PC71BM, capable of detecting photons with a wavelength signifi-

cantly below the band gap of either of its active layer components, by enhancing CTS absorption.

This CTS absorption enhancement was achieved by integrating photonic nanostructures within

the photodetector’s active layer via soft nanoimprinting lithography, a highly scalable roll-to-roll

compatible technique, which increases the industrial appeal of the final device. Furthermore, by

changing the nanostructure lattice parameter, we can change the CTS absorption wavelength

range, allowing for a tunable wavelength response range of our NIR photodetector.

The photodetectors resulting from this novel approach are interesting enough to perform a full

exploratory study on the selected fabrication parameters, to fully understand their effect and

how to optimize them. Additionally, it will be very interesting to apply this strategy to ultra-low

band gap materials, to further push the limits of NIR photodetection in organic semiconductors.

In addition, we also want to explore the feasibility of hot carrier injection with this configuration,

driven by the strong electric fields present around the nanostructured back electrode/active

layer interface.
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8.3 Organic Solar Cells and Heat

In this chapter, we have manufactured a temperature-adjustable solar cell characterization setup,

used to study the temperature dependence of a variety of organic solar cell materials. These

materials exhibited three main behaviours upon thermal cycling: permanent performance de-

crease with increasing temperatures; reversible performance decrease with temperature; and

reversible performance increase with temperature. Within the latter material group, we

focused on PBDBT:ITIC devices, which exhibited the greatest temperature-dependent PCE

enhancement.

Thermally cycling PBDBT:ITIC blends results in a PCE enhancement with an irreversible

and a reversible component, with both experimental measurements and drift diffusion model

simulations confirming that the reversible enhancement contribution can be attributed to an

increased charge mobility in the active layer at higher temperatures. The lack of major

changes in active layer morphology within the temperature measurement range suggests that

irreversible PCE enhancement can be related to either a small change in the size of ITIC

crystalline domains, driven by low temperature phase separation398–400 or some other effect

such as interface layer diffusion or interactions with the encapsulation material. The resulting

cells exhibit increased performance at high temperatures for every active layer thickness studied,

with a more pronounced enhancement on thicker active layers. These results are relevant for

large-scale roll-to-roll solar cell manufacturing, where inconsistent module performance due

to thickness variations intrinsic to the manufacturing process could be minimized by raising

module temperature.419

This line of research is highly experimental, requiring significantly more profound and thorough

exploration, with multiple materials and a higher number of samples to ensure result repro-

ducibility. In order to improve thermal stability and reduce morphological evolution, we will

need to study different charge transport layers, as well as ternary mixing, vitrifying additives,

and high Mw polymers, which will most likely result in more stable devices. Besides, fabrication
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conditions seem to be a critical parameter for active layer temperature dependent performance,

which require much more in depth investigations. On a different note, we also want to study

the implementation of absorbing structures that raise the active layer temperature upon solar

exposure. These include photonic structures, which connect this subject with the previous

chapter, and infrared thermal absorbers, which relates this line of research to the beam splitting

approaches explored on the following chapter. Additionally, it is necessary to study the effect of

substrates with different thermal conductivity and heat capacity, which could help raise and

maintain final active layer temperature upon illumination.

8.4 RAINBOW

In the last two chapters, we have studied and developed a new solar cell tandem architecture,

named RAINBOW solar cell, consisting of a horizontally laid solar cell tandem stack, with

multiple graded band gap semiconducting junctions, illuminated with spectrally separated light.

The main strength of this architecture is that the incoming light wavelength ranges closely match

the band gap of the semiconductor being illuminated, minimizing the amount of unabsorbed

photons below the band gap, and reducing thermalization losses associated to high energy

photon absorption.

To begin with, we have created a python model that simulates the behaviour of two junction

RAINBOW solar cells, providing us with insight on the general rules for material selection.

Guided by the simulations, we have manufactured and characterized single junction devices

using three suitable active layer blends, PM6:IO-4Cl, PM6:Y6 and PTB7-Th:COTIC-4F. The

calculations obtained by feeding the measured EQE and JV curves to the developed algorithm,

resulted in two functional RAINBOW combinations with a positive IoBC.

In order to properly characterize RAINBOW solar cells, we have developed an entirely new

characterization setup, called SOLS, capable of carving the light spectrum of any light source into

a custom spectral shape, by selectively modulating the intensity at each given wavelength. With

this setup we have performed RAINBOW measurements by dividing the solar spectrum into two
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fractions through a precisely controlled dividing wavelength, resulting in partial RAINBOW sub-

unit efficiency data that can later be combined to evaluate the RAINBOW tandem performance

of a particular RAINBOW combination. Measurements performed with the SOLS setup on

single junction devices are in good agreement with previously performed calculations, with

similarly good IoBC in both RAINBOW combinations.

Finally, to fabricate a proof of concept RAINBOW device, we developed different partial

substrate coverage deposition techniques based on blade coating and spin coating, with which we

have manufactured two monolithic RAINBOW devices with positive measured IoBC, proving

the feasibility of the RAINBOW concept.

These two chapters have opened up so many possibilities that the perspectives on this topic

can get too broad. On the side of actual RAINBOW devices, we are already working on

lateral deposition of real devices with blade coating, to prove the feasibility of the concept on

a larger scale. Besides, there is an ongoing material study with as many combinations as we

can manufacture. On the SOLS setup side, we are developing new embodiments that provide

better wavelength and power resolution, with a combination of novel strategies. Parallelly, we

are undergoing a patentability study to protect the custom spectral shaper, which seems to be

a really powerful instrument, useful beyond our current application. Finally, we would also like

to evaluate the potential of RAINBOW architectures in radically different materials, such as

hybrid perovskite solar cells.



Appendix A

Automation in OPV Characterization

This appendix supplements the information provided for the JV characterization setup. It

mainly consist on the detailed schematics of the Pika demultiplexer and the JV characterization

database schema used in by the software.

Figure A.1: Full schematics of the Pika demultiplexing circuit, including the relay tree, the
Arduino microcontroller, the actuating transistors and several connectors with different purposes.

223



224 Appendix A. Automation in OPV Characterization

Figure A.2: Database schema describing the new version of the Nanopto OPV database with
all the interconnections between every sub-field and category.



Appendix B

Enhancing OPV Performance with Nanoim-

printed 2D Photonic Structures

This appendix section summarizes some of the efforts and the experiments performed in order to

optimize the incorporation of nanostructures into the active layer of organic photodetectors. In

particular, it explores the role of the HTL layer thickness and composition, the photoactive layer

thickness, and the nanostructuring depth in the overall performance and EQE enhancement of

the final devices.

B.1 Nanostructure Electrical Optimization

The first problem we encountered with nanostructured photodetectors was that they exhibited

really high dark currents, compared to their flat counterparts. These were orders of magnitude

higher than their flat, non-nanostructured, equivalent photodetectors. This would be a serious

problem because photodetector performance is highly dependent on their dark current. Higher

dark currents lead to higher noise levels which lead to lower signal to noise ratio and an overall

reduced photodetector sensitivity.

We believe that this dark current increase on the nanostructured devices was mainly due to

the introduction of pinholes in the hole transport layer. These pinholes would arise from the

non-isotropic nature of the thermal evaporation process. As we have seen in Chapter 2.1.5,

thermal evaporation is a highly anisotropic process, where there is a clear preferential deposition
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direction. This means that the deposited thickness at any given point will depend on the angle

between the sample and the evaporation source. For a flat sample, if placed far enough from the

evaporation source, the angle between the sample and the atoms coming from the evaporation

source will be close to 90°, leading to a uniform thickness throughout the sample. However, if

the sample is nanostructured with pillars, the pillar sides will be almost parallel to the path of

the atoms coming from the evaporation source, greatly hindering the deposition capabilities

on those areas.539 Furthermore, if the pillars have a high aspect ratio, and are significantly

taller than the deposited thickness, a non-conformal coating is almost guaranteed. When we

combine this non-conformal coating, with the subsequent back electrode metal deposition, which

is thick enough to completely cover the nanostructure, we end up with a situation where the

back electrode is in direct contact with the active layer through the pillar sidewalls leading to

extremely high dark currents (Figure B.2).

To reduce the dark currents caused by the nanostructuring process, we followed several ap-

proaches. The first approach that we briefly explored was to use a fully metallic HTL trying to

make a Schottky barrier. When a metal is placed in electrical contact with a semiconductor, the

Fermi level of the semiconductor and the work function of the metal will align. If the metal work

Figure B.1: EQE enhancement peaks for a P3HT:PC61BM photodetector with a Schottky
barrier formed between the active layer and the gold back electrode (right). Schottky barrier
formation schematic diagram for metals with different workfunctions (left).
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function is low enough, the semiconductor bands will bend upwards creating an electron barrier

where the holes will be the major contributors to overall device current (Figure B.1 (right)).

We decided to use gold, as it has one of the lowest work functions of all metals and it can

be easily deposited by thermal evaporation. These Schottky barrier devices exhibited good

overall performances in terms of external quantum efficiency, as well as a noticeable NIR EQE

enhancement at zero v bias (Figure B.1 (left)). Nevertheless, as in most devices based on

Schottky barrier, the dark currents were still really high due to the lack of a semiconducting

charge selective layer.303

Figure B.2: Dark current Density plot for various nanos-
tructuration depths and flat reference for comparison.

The approach that gave the most desir-

able results was to lower the nanostruc-

ture depth. By using RIE on our existing

soft lithography stamps, as described in

2.2.4: Stamp Feature Depth we were

able to manufacture a couple of nanos-

tructured stamps with shallower features

of 100 nm and 60 nm, in collaboration

with Dr. Molet. With these shallower

stamps we performed a short study to check the dark currents at different nanostructure feature

depth (300 nm, 100 nm and 60 nm), and we saw that for shallow nanostructures, the optical

response did not change significantly, while the dark current was dramatically decreased down

to the same dark current levels as the flat equivalent photodetectors (Figure B.2). We decided

to keep using the shallower 60 nm nanostructure to further develop our photodetectors, since it

provided good electrical and optical properties.

Parallelly, we decided to study the thickness of the hole transport layer. In theory, a thicker

transport layer should be able to more conformally cover the nanostructured active layer surface,

since a thicker layer has higher chances of completely covering the pillar walls. However, as we

can see on Figure B.3 (left), the EQE of our flat photodetector is decreased with the thickest
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Figure B.3: EQE curves for P3HT:PC61BM photodetectors with various MoO3 (HTL)
thicknesses for flat photodetectors, on the left, as well as nanostructured photodetectors, on the
right, with a zoomed region.

HTL layers. The fact that the overall electrical response of the device is hindered makes intuitive

sense since we are adding a thick, poorly conducting layer between the photoactive material and

the electrode. Undoubtedly, this layer is selecting the charges, but its low electrical conductivity

is also lowering the charge extraction efficiency.

Figure B.4: Dark current Density plot for two different HTL thicknesses
in nanostructured and flat photodetectors for both P3HT:PC61BM based
devices (left) and PBTTT:PC71BM based devices (right).

On the other hand,

Figure B.3 shows that

the EQE enhancement

peaks are significantly

smaller for the 30 nm

MoO3, and they com-

pletely disappear on the

thickest 60 nm HTL

layer. We can attribute

this to a hindered opti-

cal performance, for thicker HTL layers. This is because the deposition process, although

anisotropic in nature, tends to smooth out topographic features, which is why depositing a thick
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HTL will leave a smoother surface for the back electrode. This smoother surface leads to a less

defined nanostructure on the back electrode, which is directly related to a lower overall optical

response.

Furthermore, since the optical contrast between the active layer and the back electrode is much

more pronounced than that between the active layer and the MoO3 layer, a thicker HTL will

further lower the overall optical response and electric field enhancement within the photoactive

material.

Since the method that granted the best results for the lowering of the dark current, without

greatly hindering optical performance, was the shallower nanostructuration we decided to test for

pinhole formation on shallow 60 nm depth nanostructures. For that we deposited two different

MoO3 thicknesses and measured the dark current of the nanostructured and non-nanostructured

devices. As we can see in Figure B.4 the difference in the dark current between nanostructured

and flat devices for both 10 nm and 60 nm HTL thickness is negligible, further confirming that,

at shallow feature depth the coverage is conformal. We will further confirm complete coverage

with SEM pictures in later sections (Figure 4.8), where the HTL conformally adapts to the

nanostructure.

B.2 Active layer Thickness

Another important aspect that has to be studied is the active layer thickness of our photodetectors,

as it greatly affected the absorption capabilities and the dark currents of our devices. In this

thesis, we compared a variety of active layer thicknesses to compare both their optical and

electrical performance, in order to select a coarsely optimized thickness range to work with.

This is by no means a full optimization process, but rather an exploratory study. Furthermore,

active layer thickness and dark current are also strongly correlated, since thicker layers will

provide better rectification capabilities within the bulk hetero junction. This correlation will

also be useful to further tune and enhance the performance of our photodetectors.
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Figure B.5: Light absorption profile across
the active layer of a thick photodetector for
various light wavelengths. Figure inspired by
Armin et al.57

In thicker layers, the majority of visible light is ab-

sorbed within the top surface of the active layer, and

hence most charge generation occurs there. How-

ever, since all those generated charges are far away

from the back electrode, most just recombine and

do not contribute to the overall current.57 For NIR

light however, since the absorption is much lower,

photons are more evenly distributed throughout the

active layer, which leads to a more homogeneous

charge generation (Figure B.5). These charges are extracted more effectively since they are not

highly localized on one of the electrodes. This is the phenomenon known as charge collection

narrowing, and it is further described by Armin et al.57

Figure B.6: Dark current Density plot for two different active layer thick-
nesses in nanostructured and flat photodetectors for both P3HT:PC61BM
based devices (left) and PBTTT:PC71BM based devices (right).

We see that the optimal

active layer thickness is

not the same for dif-

ferent materials, mainly

due to differences in

charge mobility and in-

dex of refraction. Mate-

rials with higher charge

mobilities will benefit

from thicker active layers to absorb more light, while materials with higher refractive in-

dices tend to in couple the light more effectively.540 By “optimal thickness”, we mean the

thickness at which the subject of study, NIR range EQE enhancement, is maximized. At

lower active layer thicknesses, light does not travel long enough through the active layer to get

absorbed, while at higher thicknesses, the hindered electrical response lowers device performance,

completely erasing any enhancement provided by the 2D photonic crystal. Taking this into

account, our experiments have revealed a sweet spot around 700 nm for the P3HT:PC61BM
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and 1600 nm for the PBTTT:PC71BM, where device performance is maximized in the NIR

region. Our hypothesis is that the optimum thickness is higher for PBTTT based active layer

blends because of its higher mobility with respect to P3HT based ones.541

We also decided to briefly assess the role of the active layer thickness on the dark current, since

higher active layer thicknesses provide for better rectification capabilities. As we see in Figure B.6,

thicker active layers do in fact, exhibit much lower dark currents in both P3HT:PC61BM and

PBTTT:PC71BM based devices. This makes intuitive sense since a thick active layer will lower

the overall conductivity of the device and enhance its rectification capabilities, resulting in lower

dark currents.303

A very interesting result from this experiment is the fact that the enhancement peak position is

not significantly affected by active layer thickness (Figure B.7). While they do change in relative

and absolute height, the enhanced wavelength region is strongly thickness independent. This is

more important than it might seem at first, since it means that these devices are robust against

thickness variations, making them really appealing for the industry, where higher manufacturing

tolerances lead to overall cost and effort reduction. This is in opposition to the cavity devices on

which our devices are inspired, where thickness tolerances are extremely tight and a difference

of few nanometres, completely shifts the wavelength peak.219

Figure B.7: EQE response of L500 P3HT:PC61BM (left) and PBTTT:PC71BM (right)
photodetector for different active layer thicknesses with zoomed region
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B.3 Annealing

To obtain the highest performing organic photodetectors we performed a brief study to assess

the effects of different annealing temperatures on our device performance. Active layer annealing

is usually performed, in the world of OPV, to improve device performance or stability through

partial recrystallization.542,543 This can be achieved in a number of different ways, but the most

typical are: solvent annealing, where the material is partially redissolved in a solvent vapour

to redistribute its components;544,545 and thermal annealing, where the same redistribution is

achieved by thermal agitation, when heating above a certain temperature, usually above the

glass transition.145, 192,546 In both cases what we achieve is a partial change in the crystalline

properties of the active layer material, that, if done right, results in an overall improvement of

our final device.

While all ETLs were thermally annealed as a part of the optimized deposition procedure, active

layer annealing conditions had not been previously optimized, especially for such high thicknesses

where mobility and morphology play a crucial role.541,547–549

In this work we focused on thermal annealing since it is really simple and can be applied to

already encapsulated samples. Anecdotally, this method was the most interesting because, when

annealing certain samples before encapsulation at high temperatures and for a long time, we

could see the nanostructure pattern’s iridescence slowly disappear, indicating that the diffractive

features were being smoothed away. When the samples were encapsulated in epoxy resin,

however, since these types of sealants are resistant to temperature, the nanostructure did not

exhibit any visible change regardless of annealing time or temperature.

As we can see in Figure B.8 the performance of our devices is significantly affected by annealing

the active layer. In this graph we can see that there is a certain annealing temperature range

where annealed active layers greatly outperform their unannealed equivalents, where for the

EQE in the NIR region the P3HT:PC61BM samples show an enhancement of around 1.8 fold

while the PBTTT:PC71BM samples exhibit an impressive 8.7 fold increase.
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Figure B.8: EQE response of L500 P3HT:PC61BM (left) and PBTTT:PC71BM (right)
photodetector for different active layer annealing conditions.

Outside of this temperature range, however, device performance can drastically drop indicating

unfavourable recrystallization at higher temperatures. We attribute this performance drop to

excessive recrystallization with stronger phase separation,550 which is not desirable in most BHJ

since a certain degree of well-intermixed phases is necessary to enhance exciton separation.551

Besides, the CTS is highly dependent on donor-acceptor intermixing, so phase separation can

have a specially detrimental effect on its absorption strength. These results underscore the

importance of a correct degree of donor-acceptor intermixing in CTS absorption.

We decided to anneal our devices for 20 minutes at 135°C, parameters which provided satisfactory

performances for our devices. I note, however, that this was not at all an extensive study and

further optimization is not only possible but desirable.
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Organic Solar Cells and Heat

This appendix adds onto some of the calculations and optimization processes performed during

the experiments described in Chapter 5: Conclusions. It also provides alternative representations

that aid in the visualization of the data presented in this chapter.

C.1 Open circuit voltage Calculations

An easier way to theoretically calculate the correct relationship between Voc and temperature can

be derived from the perspective of charge-carrier concentrations. From this point of view, the

Voc is obtained from the difference in chemical potential between electrons and holes, depicted

here as quasi-fermi levels (Equation C.1).395,552

qVoc = Efn − Efp (C.1)

In solar cells based on bulk silicon, the free carrier density is described by Fermi statistics, which

in this case can be approximated with a Boltzmann distribution, resulting in Equation C.2.395

qVoc = Eg − kbT ln

(
NcNv

np

)
(C.2)

Where: Eg is the band gap energy; Nc and Nv are the effective conduction and valence band

density of states; n and p are the free electron and hole concentrations; and kbT is the thermal

energy.

234
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For organic materials, the trend is similar, exhibiting a negative temperature Voc coefficient

around room temperature. These similarities arise from the fact that at high enough tem-

peratures, charge carriers in organic semiconductors can also be modeled with a Boltzmann

distribution, under low-occupancy conditions.396 For organic solar cells under these condi-

tions, however, we need to add another term to Equation C.2, resulting in Equation C.3,

to account for the equilibration energy (σ2/kbT ), which for basic organic active layer blends

such as P3HT:PC61BM is around 0.3 mV K-1 at 300 K.395 This term takes into account the

Gaussian nature of the density of states in organic semiconductors, where, under low-occupancy

conditions most carriers are distributed not around the Fermi level, but rather around the

so-called equilibration energy, with a Gaussian width σ.553,554

qVoc = Eg −
σ2

n + σ2
p

2kbT
− kbT ln

(
NcNv

np

)
(C.3)

In that equation we see that the term that accounts for the equilibration energy, being split into

hole and electron components, has a positive relation with temperature which can explain the

smaller negative temperature coefficients reported in organic solar cells vs the ones in inorganic

photovoltaics.395 Experimentally it has been observed that the Voc follows this negative trend

until, below a certain temperature, it levels off.555 This Voc saturation level has been observed

to be lower in more ordered material configurations like bilayer heterojunctions.556

This additional factor in Equation C.3 would explain the previously reported less aggressive

decline of the Voc in OPV with increasing temperatures, when compared to inorganic PV

technologies, which would result in less affected Voc values, allowing for enhanced efficiencies at

high temperatures.395

C.2 PLA Salt Remelting/Annealing

We chose to use plastic 3D printing in our prototyping process because it is a great technology

that allows for the manufacturing of complex pieces in a matter of hours, in a completely
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customizable and really affordable process.557 This enables us to run through many different

designs quickly, being able to test them in real situations, until we arrive at an optimized

solution that best fits our needs.

Most plastics, however, suffer from a phenomenon called creep, where they begin to yield and

deform under constant pressure, a phenomenon that is magnified at high temperatures, especially

above Tg.558,559 The main drawback of using 3D printing as our prototyping technique is that

most commonly available 3D print plastics have a glass transition temperature below 90°C, and

those which do not are expensive and difficult to 3D print.560–562 However, for the “Hot n’ Cold”

setup, we needed several pieces that would have to withstand these high temperatures for

extended periods of time without deforming, and need to be electrically and thermally insulating,

while being robust and lightweight. Polymeric materials were the perfect candidate.

Luckily, we found the solution to that problem in one of the most common 3D printer materials

available: Poly Lactic Acid or PLA. Ironically, this polymer has one of the lowest glass transition

temperatures of typical 3D printable plastics, around 60°C.563,564 Nevertheless, being a rather

simple polymer chain, it can exhibit a high degree of crystallinity under the right cooling

conditions.565,566 In a highly crystalline polymer, the glass transition will slowly disappear,

leaving only the melting phase change, significantly increasing the resistance of this polymer

to creep at high temperatures.559 This means that highly crystalline PLA can withstand

much higher temperatures than any other commonly 3D printed plastic without permanent

deformation.

The most common way to increase the crystallinity of PLA is to perform a thermal annealing,

where we heat up above Tg so that the polymer chains can rearrange in a highly crystalline

structure. The problem with annealing 3D prints is that, due to the nature of the printing

technique, where plastic is rapidly cooled after being molten, the resulting polymer matrix has

a very low degree of crystallinity, as well as a lot of accumulated stresses.567 This means that

during the annealing process, these uneven stresses greatly distort the original shape, and the

piece undergoes uneven elongation and shrinkage, compromising dimensional accuracy.568
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Figure C.1: 3D render of the rib cage (6) without and with sprues added to prevent holes
from forming during salt remelting (left). Cross section view of three cylindrical solid samples
after salt remelting, showing a bubble formed during the salt remelting process, where all the air
pockets entrapped during 3D printing have merged into one big bubble (right).

To solve this problem we decided to use PLA salt remelting/annealing, a technique previously

reported in the literature, which we further refined.569,570 This technique consists in fully

surrounding a 3D print with finely ground salt and heating it up just above the melting point,

before slowly cooling it back down. This ensures that all the polymer chains are completely free,

so that when they slowly solidify again, they have the ability to form big crystalline domains.571

For this process to work, 3D printed pieces are printed completely solid, as opposed to most

3D printed pieces which are printed hollow. Additionally, during the design process, we added

sprues to the piece, which compensate for piece shrinkage during the melt, acting as molten

material reservoirs (Figure C.1 (left)). Since the printing process traps a lot of air within the

structure, these sprues also serve as material reservoirs where all air pockets rise up to, merging

into a big bubble during the melting process (Figure C.1 (right)).572 These sprues are easily

snapped off with pliers after the part has cooled.

Really fine ground salt, tightly packed around the 3D printed piece, will keep the original 3D

print shape even when the plastic is molten, serving as a mold for the plastic to resolidify with

the correct shape, while preventing PLA diffusion into the salt matrix. The only drawback of

this technique is that it leaves a rough surface as rough as the salt grains used for the process

(Figure C.2). The resulting pieces are not only temperature resistant up to ∼160°C, but they

are completely solid, making them as strong as injection molded pieces.570
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Figure C.2: 3D printed piece after being remelted in rough
grain salt. The surface of the piece becomes extremely rough
and the dimensionality of the piece is compromised due to the
molten PLA flowing outwards into the intergranular space.

We have tried to perform this ex-

periment with other packing mate-

rials, such as plaster, which should

be able to more easily hold its

shape. However, its high water

content promotes hydrolysis of the

polymer chains resulting in ex-

tremely fragile and brittle solid 3D

prints.

Such highly crystalline PLA pieces

can be easily machined (compared to other plastics) to final tolerances, without the need for

coolant, due to their temperature stability. That is why all the high-temperature pieces that

needed to interact with precisely machined parts, such as the copper block and the pogo pins,

where manually machined to perfectly fit with said pieces.

C.3 Circuit Design

In order to regulate the substrate temperature we need to be able to control the thermoelectric

module’s power by regulating how much current flows through the circuit, since heat pumping

power is directly proportional to the amount of current passing through the thermoelectric

modules.573,574 A common and really simple way to regulate this power is by using a voltage

regulator. However, since we want to operate the thermoelectrics in both directions, in addition

to controlling the power, we need to be able to reverse the current running through the modules.

This requires the usage of either two separate floating ground variable power supplies, or a much

more simple, compact, and inexpensive H bridge circuit.

This kind of circuits are usually used to control heavy loads that require current to be passed in

both directions, usually DC motors, so it was a really good fit for our application. The main

problem is that we need to switch the direction of a high current (tens of amps), while at the
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same time modulating this current flowing through the thermoelectrics, which requires the use

of a really high power specialised H bridge circuit. However, since these circuits are usually

specialized in DC motor driving, the most common ones cannot switch as much current as we

would like, being limited to 5-7 A, and they do not tend to provide power modulation. Because

of that, we were not able to find a suitable commercial solution, so we decided to create our

own high-power modulating H bridge circuit, with off-the-shelf components.

Figure C.3: (a) H bridge conceptual schematics using 4 switches and one load. (b) Current
flow during normal operation. (c) Current flow on short circuit condition.

The main components of any H bridge are 4 switches that control current flow, which are usually

not mechanical switches, but electrically actuated MOSFETs (Figure C.3 (a)). Nonetheless, to

prevent the explanation from becoming too technical, they are depicted in the figures with the

symbol of a mechanical switch. These 4 MOSFETs operate in a cross like pattern where one of

the diagonals will be open while the other will be closed, forcing current to flow through the

load in one direction (Figure C.3 (b)). The entire point of the circuit is that, if we activate the

switches in the opposite diagonal, the current will pass in reverse through the load, which will

revert the heat pumping direction, effectively shifting the thermoelectric modules from heating

to cooling or vice versa. However, if we were to operate these 4 MOSFETs independently, we can

quickly see that there is a potentially catastrophic failure condition in this circuit, where both
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MOSFETs on a vertical branch are on at the same time, creating a short circuit (Figure C.3 (c)).

To prevent that, we need to implement a logical control circuit around these four MOSFETs, so

that this condition is impossible or at least highly improbable.

Figure C.4: (a) H bridge conceptual schematics with cur-
rent direction control circuit based on logic gates. (b) Current
direction control circuit operating switches through the logic
gates.

To solve this problem, we designed a

control unit with several transistors

that work as logic gates around the

four main MOSFETs (Figure C.4 (a)).

When combined, these logic gates en-

force an electrical interlock that pre-

vents any of the two MOSFETs within

a same branch from being on at the

same time. Being controlled by only

one digital input, the entire logical

circuit guarantees that only one MOS-

FET of each vertical branch will be

closed at any time but never both,

preventing any short circuit, while, at

the same time, regulating the current

direction through the thermoelectric

modules (Figure C.4 (b)).

The most eagle-eyed readers may have seen that, when reversing the current, there can be a brief

moment where the two branches could be connected at the same time. In the time one of the

MOSFET’s gate takes to discharge, the other can get charged, causing a short-circuit for a very

brief period of time. This phenomenon can be mitigated either hardware-wise, by measuring

MOSFET gate charging and discharging times and regulating their resistors, or software-wise,

by not changing from cooling to heating in a rapid sequence. We chose to use the latter to keep

the circuit as simple and robust as possible.
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This simple H-bridge circuit is able to either give full power in one direction or, in the other,

effectively heating or cooling always at max power. Nonetheless, to provide accurate temperatures

we need to modulate the power we provide to the thermoelectric modules, which can be easily

achieved with digital PWM signals. These signals consist on a square wave with a fixed frequency

and amplitude, where the ratio between the width of the high and low sections of the one single

period of the signal, aka the duty cycle, is modulated. This modulation determines the time

fraction in which the load will receive power during one wave period. For example, for a 20%

duty cycle signal, the signal is high 20% of the period and low the remaining 80%. In most

cases, averaging the on and off times over a long period of time is translated into the relative

power used by the load.

Figure C.5: (a) H bridge conceptual schemat-
ics with current direction control circuit as well as
PWM current control circuit. (b) Load current di-
rection and PWM control operating simultaneously.

We are able to combine the current direction

control circuit with the PWM signal by us-

ing an AND gate that mixes the two signals

(Figure C.5 (a)). For simplicity, we drive the

PWM-direction control combined signal only

through the lower MOSFETs, while leaving

the upper MOSFETs in a stable position. By

controlling the duty cycle of this PWM signal,

we can control for how long the thermoelec-

tric is on, modulating the effective heating or

cooling power (Figure C.5 (b)). PWM oper-

ation, being a cyclical on/off operation mode,

is not the most recommended for thermoelec-

tric modules, due to module degradation prob-

lems as opposed to constant voltage operation.

However, at high enough PWM frequencies,

thermoelectric degradation is reported to be

virtually equal to that of constant voltage operation.575
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Figure C.6: Manual thermal control circuit
operation in cooling mode where the green LED
indicates board power and the blue LED indi-
cates that it is currently cooling the sample.

This PWM signal is provided by an additional

input, resulting in a circuit with only two digital

inputs: one that controls the current direction,

determining if we heat up or cool down the sub-

strate; and another that controls the power we

deliver in that mode, or how much we heat up

or cool down the cell.

As a final touch, we added several protection com-

ponents to the circuit to prevent current drops

and to filter higher frequencies and voltage spikes caused by sudden load changes. We also added

signaling capabilities so that the user can visually check the circuit and see when there is an

overheating fault or if the modules are cooling down or heating up even when controlled by the

Arduino. For direct human interaction, we added buttons for the manual control and debugging

of the system, allowing a user to manually heat up or cool down a sample (Figure C.6).

Figure C.7: Schematics of the “Hot n’ Cold” PWM H bridge
temperature control circuit, showing the different sub-circuits
and a brief explanation of their function.

The resulting circuit can be

viewed in detail in Figure C.7,

with all the sub-circuits sepa-

rated in relation to their func-

tion. The schematics as well

as the PCB layout are open

source and can be found in the

public repository located at the

link below, https://github.com/

minusmagis/Nanopto_Hot_n_Cold_

PCB

https://github.com/minusmagis/Nanopto_Hot_n_Cold_PCB
https://github. com/minusmagis/Nanopto_Hot_n_Cold_PCB
https://github. com/minusmagis/Nanopto_Hot_n_Cold_PCB
https://github. com/minusmagis/Nanopto_Hot_n_Cold_PCB


C.4. Drift Diffusion Simulations Supplementary 243

C.4 Drift Diffusion Simulations Supplementary

Figure C.8: Comparison table for all drift diffusion simulation results explained in Section 5.5.2,
including from top to bottom: Voc; FF; Jsc; and efficiency.
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Rainbow Solar Cells

D.1 Material Candidate List

Recent developments in low band gap organic photovoltaic materials have been mainly driven

by their increased PCE, arising from a higher amount of absorbed photons, lower CTS related

losses, and transparent OPV technologies, among others.101 Due to these recent developments,

we were able to find a good amount of material candidates for our “red cell”, with a low enough

band gap and low Voc losses. The materials resulting from a non-exhaustive literature search

are summarized in Table D.1

Blend Name Voc (V) PCEmax (%) Eloss (eV) Bgap (nm) Provider
PTB7-Th:IEICO4F576 0.72 11.13 0.36 950 Solarmer

PM6:TPT10 (BDT-1 16%)577 0.9 16.26 - 870 Solarmer
PBDB-TF:BTP-eC9578 0.83 17.8 0.55 890 1-Material
PTB7-Th:COi8DFIC374 0.69 13.8 - 970 1-Material

PTB7-Th:BT-CIC*579 0.7 11.2 - 900
1-Material
Merk

PTB7-Th:IHIC*580 0.75 9.41 - 870 1-Material
PTB7-Th:FOIC*581 0.72 12.1 - 900 1-Material

PTB7-Th:3TT-FIC582 0.662 12.21 - 925 1-Material
PTB7-Th:CTIC-4F516 0.7 10.5 - 900 1-Material

PTB7-Th:COTIC-4F516 0.57 7.3 - 1050 1-Material

Table D.1: RAINBOW material candidates reported in the literature, with low Voc losses, high
efficiency, and low energy band gaps (band gap wavelengths are approximated).

244
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On the other hand, the strong focus on narrow band gap organic materials has left the field

of wide band gap organic semiconductors somewhat underexplored, which can be attributed

to their generally lower efficiencies associated to their inability to absorb most of the solar

spectrum.101 Because of this fact, research in this field has been mainly driven by indoor OPV

applications, where the utility of ultra wide band gap materials, the ones that work best as a

blue cell, is still low.583 Even with the more limited literature, we have been able to find several

candidates with high enough band gap energies to perform as our blue cell. The candidate

materials, after a more thorough literary search, are summarized in Table D.2

We must say that most of the wide band gap materials found in the literature, although

commercially available through specialized suppliers, are still highly experimental and not

thoroughly studied. In fact, most of the materials in Table D.2 were only found once or twice

in the literature, where both chemical synthesis and photovoltaic device manufacturing were

performed within the same group. Because of this high degree of uncertainty, we decided to use

PBDB-T-2F:IO-4Cl, a blend that our colleagues at Hasselt University were already familiar

with.

Blend Name Voc (V) PCEmax (%) Eloss (eV) Bgap (nm) Provider
PBDT-TDZ:ITIC584 1.01 11.72 0.6 750 Solarmer

PBDTS-TDZ:ITIC584 1.1 12.8 0.48 750
Solarmer
Merk

PBDB-T:ITCC576 0.98 11.28 0.665 720 Solarmer
J61:BTA3585 1.15 8.25 0.6 700 1-Material

PTZ1:PMI-F-PMI586 1.3 6 - 620 1-Material
P3TEA:SMA SF-PDI2587 1.11 9.5 0.6 720 1-Material
P3TEA:FTTB-PDI4588 1.13 10.37 0.53 710 None
PBDB-T-2F:IO-4Cl514 1.24 9.8 0.5 660 1-Material

Table D.2: RAINBOW material candidates reported in the literature, with low Voc losses, high
efficiency and high energy band gaps (band gap wavelengths are approximated).
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Rainbow Measurements

E.1 Concave mirror

To reconcentrate the light refracting out of the Amici prism into a small spot with an area

similar to that of the sample, being only laterally dispersed, we needed an optical element that

provided lateral concentration, such as a cylindrical lens or mirror. The main problem was

that since the spectrum is filtered by spatially blocking it, the filtering wavelength resolution is

directly proportional to the width of the spectrally spread beam.

Figure E.1: Schematics of the measurement and curvature
calculations for the reconcentrating cylindrical SOLS mirror.

The first step to determine which

reconcentrating solution to use was

to measure light divergence af-

ter the Amici prism. To do so,

we used a simple ray tracing ap-

proach, where, by placing a screen

and a beam blocker at an exact

distance, and moving the blocker

at precise distance intervals (∆x)

while measuring the changes on the

screen (∆y), we could triangulate

the approximate divergence of the beam at each position (Figure E.1). With these results and

cad software, we calculated the necessary mirror curvature to reconcentrate the divergent beam

into one small spot.
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These measurements revealed a strong light divergence, which resulted in a really wide light

beam (∼30 cm) close to the Amici prism. The main problem with that is that a widespread

beam can only be reconcentrated by using a lens or mirror as wide as the beam itself, in order

to collect all the light. In addition, colour dispersion within the Amici prism is not constant

for every wavelength, with higher dispersion for shorter wavelengths, so the curvature of the

reconcentrating lens or the mirror is not necessarily spherical.

To reconcentrate this unconventional light beam, it was clear that we were going to need a

large, custom solution. However, big cylindrical lenses are not usually commercially available,

let alone big custom curvature ones, and they can introduce further dispersion into the system

with chromatic aberrations. These disadvantages greatly favored the mirror solution.

Similarly to the lenses, such a wide custom mirror is not easy to find commercially unless custom

made. However, since we did not have accurate manufacturing dimensions and this first mirror

was only for prototyping purposes, we discarded the commercial route. This decision left us

with just one possible course of action: we manufacture the big custom mirror ourselves, with

our “beloved” technique, 3D printing.

The first approach consisted in directly polishing the 3D print itself to achieve a mirror finish,

to be covered with silver via thermal evaporation, to endow the plastic with a highly reflective

surface. Although the results are not far from an ideal mirror (Figure E.2), achieving a perfect

mirror finish polishing by hand proved to be more challenging than expected. As another

alternative, we tried coating the 3D printed surface with epoxy and paint to smooth out

the layer lines and defects. However, even with the mirror finish that such paints provide,

irregularities at macroscopic scale resulted in poor focusing capabilities.

The definitive solution came with mirror finished PETG 0.5 mm thick sheets, which we clamped

onto the custom curvature piece with a 3D printed adapter. The PETG sheet completely

conformed to the custom curvature when bolting it to the 3D printed piece. This entire assembly

was placed in the thermal evaporator, and a layer of Ag followed by a layer of LiF were deposited.

The thick layer of Ag was the main reflective layer, acting as a first surface mirror, while the
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Figure E.2: Hand polished mirror prototype with acceptable reflection capabilities (left), but
with visible surface defects (right).

thin layer of LiF provided corrosion resistance to the Ag layer without significantly affecting the

spectrum (Figure E.3 top).

This type of coatings are commonly used in astronomy for corrosion protection and UV

enhancement in first surface mirrors.589 The main disadvantage of these coatings is that, unless

stabilized with AlF3 they are not perfectly stable on high humidity conditions, forcing us to

replace the mirror after a certain period of time.590,591 The main advantage of using a thin

inexpensive PETG sheet is that, if anything happens to the mirror, we just need to replace the

sheet and re-evaporate, without having to 3D print the custom curvature mirror backing again.

Figure E.3: Finished 3D printed custom curvature
first surface mirror without the lid on (top) and with
the lid on (bottom).

Due to inaccuracies in the divergence mea-

surements, the mirror focus was not a per-

fectly narrow line, but rather a 7 mm wide

strip. However, since the beam required

further colour-remixing to correct for di-

rectionality inhomogeneities, the spot size

was not a significant limitation. As an addi-

tional bonus, we added a lid to the mirror so

that it is protected from debris and acciden-

tal contact (Figure E.3 bottom). Being a

first surface mirror, it is incredibly sensitive

to scratching and finger grease.
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E.2 Light Pipe

After reconcentrating the light beam with the mirror, we obtained a seemingly homogeneous

white narrow spot. However, further characterization revealed significant spectral homogeneity

problems at the focal point arising from the previous colour separation. These inhomogeneities

became apparent when, by spectrally filtering the incoming beam, the spot shape was completely

distorted, narrowing proportionally to the filtered fraction (Figure E.4).

Figure E.4: Spectral spot inhomogeneities before the light pipe visible at extremely low light
levels, with the entire spectrum spot (b) being halved towards either side depending on the type
of sweep, blue sweep (a) or red sweep (c).

This posed a serious problem, since most cells operate best under homogeneous lighting conditions.

Having half of the cell in the dark during a measurement can severely hinder its performance,

compromising the accuracy of our measurements. That is why we endlessly tried different

diffuser and lens combinations to homogenize the beam, all of which resulted in heavy light loss,

combined with intensity inhomogeneities, forcing us to discard them.

An unconventional idea, that we thought might just work, was to use a mirror tube with 5 edges

that, if long enough, would randomize the direction of each colour component. The working

principle of this hypothesis is that a small difference in incidence angle will result in a completely

different optical path. To test the concept, we hand crafted a very crude version (Figure E.5 (b))

that produced mesmerizing results with really high spectral homogeneity (Figure E.5 (a)),

especially considering the dodginess of the contraption.
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Figure E.5: (a) First light homogenization results, using a
crude 5-sided mirror tube as a light homogenizer. (b) Image
of the extremely crude contraption, using blue-tack and poorly
cut mirrors.

Knowing this was a viable solution,

we searched the Internet for opti-

cal suppliers that would provide

a similar commercial alternative.

To our surprise, we found an even

better solution, named light pipe,

which is basically a faceted glass

rod, with either four or six faces.

This rod takes advantage of total

internal reflection to homogenize

light, while at the same time direct-

ing it, similarly to an optic fiber.

The light pipe working principle is

really similar to that of the mirror

tube, with the added advantage of significantly lower losses in each reflection. On top of that,

light pipes can be made from fused silica, which barely absorbs in the UV range, extending the

possible input wavelength range of SOLS.

The only disadvantage of using a light pipe is that, being a long narrow glass tube, it is really

susceptible to fracturing with any accidental tool drop or an erroneous XYZ stage movement.

To mitigate this risk, we secured the light pipe with a compliant 3D printed fixture that can

accommodate a certain degree of deflection, returning to its original position after the force

is removed. This compliant fixture (Figure E.6) was fully 3D printed using a combination of

flexible (NinjaFlex TPU) and rigid (PLA) filament, with a specific shape that allows for some

deflection in the XZ plane, and greater deflection (around 1 cm) on the Y direction, along the

light pipe. The Y direction has the lowest resistance deflection to make sure that when the cells

and the light pipe come into contact, the forces on both elements are minimal. In addition,

variations in the Y position do not result in a significant change in the measurements, while

variations in the XZ plane do.
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Figure E.6: Light pipe compliant fixture with
rigid mounts to connect to the rigid components,
and flexible links to accommodate for some amount
of deflection.

The light pipe on its own, provided some

light homogenization (Figure E.7 right), how-

ever colours still had some amount of direc-

tionality. To reduce this directionality and

provide the most accurate possible measure-

ments, we added a diffuser in front of the

light pipe that spread light much more evenly

(Figure E.7 left), resulting in a completely

white spot on the light pipe output.

Figure E.7: Light pipe light homogenization and spectral inhomogeneities with and without a
diffuser located in front of the light pipe.
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E.3 Alternative Spectral Filtration Systems

We want to note that the spatial filtering solutions used in the current SOLS embodiment are

just a first approximation to mechanically filter the spectrum. There is a wide range of better,

more complex solutions that will be implemented in future versions of the SOLS setup. These

approaches integrate the static spatial mask and the guillotines in a single solution, able to create

any desired spectrum, with high intensity resolution for all wavelength components, and with

real-time closed feedback loops that can correct for light source spectral and intensity variations.

The best candidates for this job are Liquid Crystal Displays and Digital Micromirror Devices,

which are able to spatially filter an incoming light source with great speed and resolution

(Figure E.8).

Figure E.8: Spectral shaping alternative, using a Digital Mirror Device as the mechanical filter.
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