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If [ say [electrons] behave like particles I give the wrong impression; also, if I say they
behave like waves. They behave in their own inimitable way, which technically could be
called a quantum mechanical way. They behave in a way that is like nothing that you

have seen before.

Richard P. Feynman






Abstract

Organic photovoltaics (OPVs) and perovskite solar cells (PSCs) have come a long way
in recent years, reaching power conversion efficiencies of ~19% and 25.7%, respectively,
for a single cell test. This advance was brought about by concurrent progress in materials
design and synthesis and interfacial engineering. Interfaces formed between different
layers in solar cells dictate device characteristics and degradation. This thesis is dedicated
to interfacial engineering and the investigation of a range of materials and modifications
with OPV and PSC applications front of mind. In particular, the focus is on studying the
electronic properties and energy band structures at the interface’s layers in OPVs and
PSCs and discovering the impact of the interface on device performance. In this thesis, in
terms of OPV structure, a novel potential of organic interface layers was deployed with a
range of active materials as a replacement for an inorganic interface layer due to its
flexibility, ease of fabrication and potentially more cost-effective design than the
conventional inorganic interfaces. The electronic structure and the charge transfer
mechanism at the polymer cathode interface layer (CIL)/active layers interface are
discussed. A powerful combination of experimental techniques was applied to gain
fundamental understanding of the chemical and electronic properties and engineering of
the interfaces formed with polymer CIL and active materials. The valance electron
structure of new polymer (CIL) of P(NDI3N-T-Br) with TQ1 and N2200 active layers
were first investigated where a mixing of phases at the interface was determined. The
results show that the dipole formation between the donor, acceptor and P(NDI3N-T-Br)
was observed, which enhanced electronic structure at the interfaces and facilitated charge
transport over the interface. This energy level alignment meets the expectation of using
P(NDI3N-T-Br) as an interface layer in blocking the hole transfer to the interface layer
while TQ1:N2200 is used as the photovoltaic active layer. Consequently, another new
CIL, P(NDI3N-F8-Br), with PTB7-Th and ITIC is investigated. A comprehensive study
of the energy structure of P(NDI3N-F8-Br) with PTB-Th: ITIC deposited in the case of

vii



inverted devices is constructed. The results show that P(NDI3N-F8-Br) can work as a
hole-blocking layer. Simultaneously, however, the electrons transferring from ITIC were
blocked by the P(NDI3N-F8-Br) interface. Investigating the electronic structure of new
organic cathode materials thus lead to a better understanding of the charge energetics at
the interface and down-selection of the device structure. To achieve a comprehensive
understanding, comparison has been made to the interface of PTB7-Th: ITIC—
incorporated zinc oxide (ZnO) as a conventional inorganic interface layer. The results
show that the active layers worked proficiently with ZnO. As a result, ZnO blocks the
holes and extracting the electrons from the ITIC layer, which is desired. Overall, dipole
formation was observed at the interfaces of P(NDI3N-F8-Br) and ZnO with active layers.
Finally, the distribution of the charge transport component of PTB7-Th: ITIC has been
studied to fill the knowledge gap on this type of study in this field. Thus, the component
distribution at the surface region of the PTB7-Th: ITIC blend was investigated with the
effect of the additive p-anisaldehyde (AA) on the components, which formed one side of
the interface of the blend with the MoO, electrode. This finding contributes to an
understanding of the interaction between the donor material and the high work function
electrode/interface material. Following our research on OPVs, another study on PSCs is
conducted. In PSCs, sputtered NiOx (sp-NiOx) is used as hole transport material in PSCs
due to the mobility of its holes, compatibility of the stability, easy fabrication and Fermi
level position suitable for hole extraction. However, unavoidable defects in sp-NiOx or
perovskite films can affect solar efficiency. Thus, self-assembled monolayer (SAM)
MeO-2PACz was inserted between the sp-NiO, and perovskite film, which can contribute
to reducing defects and improving the device’s performance. The results showed that the
MeO-2PACz interface enhances perovskite film quality by reducing charge
recombination at the sp-NiOx/perovskite interface. It also passivates defects in the sp-
NiOx surface and perovskite layer. The overall outcome resulted in an improvement in

the device efficiency from 11.9% to 17.2%.

viii



Table of Contents

ADSIIACE ...ttt ettt et sttt et vii
Table Of CONENLS .....c..iiiiiiiiiiieee ettt e X
DECIATAtION ...t XV
ACKNOWICAZEMENTS ......eiiiiieeiie et et sbee e XVvii
List Of PUBICAtIONS ......ovuiiiiiiiiiieieiieitceee e XX1
Conference and Presentation..........oocueeieeiiienieiiieiieeiceee e XXiii
LSt OF FIGUIES ..ottt ettt et esee s ens XxXVil
LSt OF TaDIES...ueeeiieetiee et XXX1i1
Abbreviation List of Chemicals and Symbols ..........cccccoeeieniiiiiiniiiiiiie, XXXV
Chapter 1: Background ............cooouvieiiiiiiiieiiie ettt 1
L1 INETOAUCIION ..ttt sttt
1.1.1 The significance of renewable energy research...........ccccceeveveerciirinneennne.
1.1.2 Types of SCs and their historical timeline............ccocevveeverieniineniieneenene
1.2 OPV-Based SCs: Background...........ccoccvveeiiiiiiiieciiieceeeee e
1.2.1 HiStOry OF OPVS .ottt
1.2.2 Excitonic significance of OPVs and the concept of heterojunction ..........
1.2.3 OPV devices: their StrUCTUIES .......cceveeriierierieniiiieniereeieeese et
1.2.4 The principle of operation of OPVSs........ccccoeviiiiiiiieiiieeieeceeeee e
1.2.5 Energy level alignment at interfaces...........coceevveveenierienienienieneeiceeene 13
1.3 Perovskite-Based SC: Background ............cccoeeviieeiiieniiieiieeeeeeeeeee e
1.3.1 Crystal structures of perovskite ...........ccoeeieriierieniiinieeieeieeie e 25
1.3.2 An overview Of PSCS......ooiiiiiiiiiiieeee e 28
1.3.3 PSC devices: their StIUCLUIES .......cc.eevueeierieniirieniieieeeenieeie et 30
1.3.4 Interfacial engineering in PSC.........ccoviiiiiiiiiiieeeeeeee e 32

1.4 The Differences between OPV and PSC in Terms of their Working Principle ..

L5 RETEIEIICES ..o e e e e e e et e e e e e e e e e eeeeeeaaaaeeaaaaaes

.35



Chapter 2: Research Aim and Contribution.............ccceeveeeeiienieeciienieeieeeeeeeenee. 53

2.1 Organic Cathode Interfaces in Invert OPVs........ccccovveeiiiiiiiiiiciicecce e,
2.2 SAM N INVETt PSCS ..ouviiiiiiiiiiiieeteee et
2.3 RETETEICES ...ttt ettt ettt ettt e e
Chapter 3: Methodology and Sample Preparation...........ccccceeeeeiienieecieenieenneenen. 59
3.1 INEFOAUCTION 1.ttt et e sttt e st ebee st eeneee s
3.1.1 X-ray photoelectron SPECtrOSCOPY ....cccveerureerueerieerieenieeiieneeenreesaeereenenes 62
3.1.2 Ultraviolet photoelectron SPectroSCOPY ....eeevveerrrveeerreeririeerrieesreeesereeennns 64
3.1.3 Metastable induced electron SpectroSCOPY ......ccveevveerveeriierveenieenieeieenne 65
3.1.4 Inverse photoemiSSION SPECITOSCOPY .vveevrrerrureeerrreeeirreesirreesreeesreeessreeennns 66
3.1.5 Singular value decOmMPOSItION. ......ccueeriierieeiierieeieeeie et 67
3.1.6 Neutral impact collision ion scattering SpectroSCOPY ....cveervererveeereveenne 68
3.1.7 X-ray diffraction .....cc.eeeuiieiieiieciiee et 71
3.1.8 Scanning electron MICTOSCOPY ..evvveerurreerrieerireeerieeetreesrreesreeesreeessreeennns 72
3.1.9 Atomic fOrCe MICTOSCOPY ..veevrerurierereeiieniieeiieeireeteesaeeteessaeeseesnneeseenanes 73
3.1.10 Photothermal deflection SPECtrOSCOPY ...vvevruveerrereeeiieeriieeeiieeeiee e 75
3.1.11 Ultraviolet-Visible Absorption SpectroSCOPY......cevvveervrerveerieerveerveenne 76
3.1.12 Photoluminescence SPECLIOSCOPY ..uvvrerrurreerereeerereeeirreesrreesreeesreeesnreeennns 77
3.1.13 Time-resolved photoluminesCence ...........cceevveeriienieeriienieeiecie e, 77
3.1.14 PV characteriSation .......c.cueeruieeiieniiieieeniie et 78
3.1.15 Quantum efficiency measurements...........cceeeveerieenieerieeneeenieesneenneennnes 79
3.2 Sample Preparations .........cccueeeciieeiiieeiieecieeesieeesreeesteeeiteeeeeeesseeesreeesseeennseeens
3.2.1 Cleaning of ITO SUDSLIALE.........cceerireriieriieeiieeie ettt 80
3.2.2 POLYMET JAYETS ..cuvvieeiieecieeeee ettt et 80
3.2.3 PerovsKite 1aYerS.....ccueiviiiiieiieciieie ettt 83
3.3 RETETEICES ..ttt ettt ettt ettt e st esiteebee s



A1 ADSITACE oo 90

4.2 INEEOAUCTION ..ttt ettt sab et e st e et e s e e b e eaee 90

4.3 EXPETIMENTAL ....eiiiiiiiieiiieiieeie ettt et sttt e st eabeenee e 92
4.3.1 Material and sample preparation ...........cccccceeevveeeeieeereeesiieesceeeeree e 92
4.3.2 Methods: electron and ion spectroscopy methods..........ccceeevveeiierieenne. 93

44 RESULLS ..ttt ettt ettt st 94
4.4.1 Depth distribution - NICISS reSults........ccccveviiriiiniieniieiieeieeieeeieeiene 94
4.4.2 Interface chemical composition - XPS results.........ccccceeveveeriiiencreeennen. 96
4.4.3 Analysis of MIES, UPS and IPES results..........ccceceevieniienienieeeeee. 104
4.4.4 Decomposition of valance electron of MIES and UPS ....................... 106

4.5 DISCUSSION «.uitetieniieiiesiteteete ettt st et e e st e s bt et sae e bt e bt eatesbeebesaeesbeebeentenbeenee 110

4.6 CONCIUSION ...ttt ettt et e aee e b e et e eaaeas 115

4.7 AcKNOWIEAEMENL.......cccuiiiiiieiieiieeiiee et et 116

4.8 RETETEICES ...ttt ettt ettt et 116

T OPVS ettt ettt ettt eneeae e 123

ST ADSITACE ..ttt ettt st sttt sttt 124

5.2 TNITOAUCTION .ttt et et sttt et e 124

5.3 EXPErIMENtal ....cc.oiiiiiiiiieiieiiieiiee ettt 126
5.3.1 Material and sample preparation ...........ccceeeeveeecieesiieeecieeeeeeeeree e 126
5.3.2 Methods: electron and ion spectroscopy methods...........cceceeeuieniennnenn. 127

5.4 Results and DISCUSSION ......eeuiiiiiiriiiiiieiie ettt ettt ettt 128

5.4.1 Device performance using P(NDI3N-F8-Br) interface with PTB7-Th:

ITIC BHI ettt ettt 128
5.4.2 Film thickness - NICISS 1eSults ........ccceeviiiiiiriiieiienieeieeeieeeeeee e 129
5.4.3 Characterisation of chemical compositions - XPS results..................... 130

5.4.4 Evaluation of electronic properties of active materials deposited onto

P(NDI3N-F8-Br): UPS and IPES results........ccccceeveiiiiniiiieieeciieeee e 135

X1



5.5 CONCIUSION ..ottt ettt sttt et sb et st sae e 142

5.6 ACKNOWIEAEEMENL.........eeiiiiiieiiiecee e e e 142

5.7 RETETEICES ..ottt ettt sttt et sttt st eae s 143
Chapter 6: Chemical and Electronic Properties of PTB7-Th and ITIC on ZnO

Interfaces I OPVS ..cc.ooiiiiiiiiieie e 147

0.1 ADSITACT ...t et 148

6.2 INEOAUCTION ...ttt ettt ettt s 148

6.3 EXPErimMENtal ......coovviiiiiiiiiie ettt e e 149
6.3.1 Material and sample preparation ............ccceeeveereerieereeniieenieeseeesiee e 149
6.3.2 Methods: electron and ion spectroscopy methods..........ccceecvveeeveeennnennns 150

6.4 Results and DiSCUSSION ....cc.uiiuiiriieiiiieniieie sttt 150
6.4.1 Film thickness - NICISS 1esults .......ccccooviiniiiiiiiiiiienieceeeee 150
6.4.2 Characterisation of chemical changes - XPS results ...........cccceeveennnne. 152
6.4.3 Analysis of UP and IPE Spectra..........ccccuveeviiieiiiiiieeeieeeee e 156

0.5 CONCIUSION ...ttt ettt ettt s saeeae e 163

6.6 ACKNOWIEAZEMENL.......c.eiiiiiiieiiieeee e e 164

0.7 RETETEICES ..ottt sttt sttt st 164

Chapter 7: Modification of the Surface Composition of PTB7-Th: ITIC Blend

USING an AdItIVE....ccviiiiieiieiie ettt e 167

To1 ADSITACE ..ttt ettt et 168

7.2 INETOAUCTION ...ttt ettt sttt et ettt st saeeae s 168

7.3 EXPEIIMENTAL .....vviiiiiieiiie ettt ettt e e e saae e e nbeeenneas 172
7.3.1 Material and device fabrication ..........c..cooceevverieneenienienieieeiesceeeee 172
7.3.2 DeVICE PEITOTMANCE......ccvvieeieeeiiieeeiieeeiteeeiteeeieeeeteeesteeesreeesseeesnseeens 173
7.3.3 Neutral impact collision i0n SPECtroSCOPY......ccvvervrerirerveerieerreerirenneenn. 174
7.3.4 AtomiC fOTCE MICTOSCOPE. ..cecuvrrerrreeriiieeriiieerereeerireesrreesaeeesseeesseeensseeens 174

7.4 Results and DISCUSSION ....ccueruiiriieiiriieniieie sttt 175
7.4.1 DeVICe PEITOIMANCE......cccuvieeiieeeiieeeiieerteeesiteeetreeeteeesreeesseeessseeensneeens 175

Xii



T A2 AFM TESULLS .o enenmnnne 176

7.4.3 NICISS TESUILS ...cuviiieiieieeiieieee ettt 178
7.5 CONCIUSION ...ttt sttt sttt st sbe et eatesbeeae e 182
7.6 ACKNOWIEAZEMENL ..........eiiiiiieeiiiecie e et eerae e esaee e 183
7.7 REEETEICES ...ttt ettt sttt s 183

Chapter 8: Surface Passivation of Sputtered NiOx Using a SAM Interface Layer to

Enhance the Performance of PSCs........ccccooveiiiiiniiiiniicccee 191

BT ADSLIACT ...ttt et et st 192

8.2 INtTOAUCTION ...ttt ettt sttt 192

IR I B4 15 3 110 1S) 11 | OSSPSR 196
8.3.1 Structure of the deViCe .........coiiviiriiiiiiiicceee e 196

8.4 Results and DISCUSSION ......cc.uiiiuiiiiiiiiiiiiieiie ettt e 197

8.4.1 Understanding the effect of MeO-2PACz (SAM) on the NiOx layer ... 197
8.4.2 Understanding the role of MeO-2PACz (SAM) on a perovskite film... 202

8.4.3 Effect of surface modification on PV properties ..........cccccceeevveenurennnnnne. 206
8.4.4 Electronic properties and energy level for perovskite films.................. 208
8.5 CONCIUSION ...ttt ettt ettt ettt st e bt et sbtesbeeaesaeens 210
8.6 ACKNOWIEAZEMENL.........eiiiiiiiie e e e 210
8.7 RELETEINCES ...ttt ettt sttt sbe e 210
Chapter 9: Conclusion and Future Work ...........cccoeeviieiiiiiiiieceececeeeee e, 219
0.1 CONCIUSION ...ttt ettt ettt sttt e b eaees 219
9.2 Outlook and Future Work..........cccooiiiiiiiiiiee e 221
APPENAICES ...ttt ettt et ettt e st e e bt e sabe et e e s b e e beesab e e bt e etbeeseeenbeenbeeennes 225
Appendix A: Supporting Information for Chapter 4..........cccoveeveiieeiiieeiiieecieeeeeens 225
RETETEICES ...ttt ettt 238
Appendix B: Supporting Information for Chapter 5 ...........ccceeevveeviieeiiieciieeeeens 240
Appendix C: Supporting Information for Chapter 6 ..........ccceevevieniniininnenienenn 248
Appendix D: Supporting Information for Chapter 8...........ccceeviveeiiieeiiieeieeeeeens 254

xiii






Declaration

I certify that this thesis:

1. does not incorporate without acknowledgement any material previously submitted
for a degree or diploma in any university

2. the research within will not be submitted for any other future degree or diploma
without the permission of Flinders University; and

3. to the best of my knowledge and belief, does not contain any material previously
published or written by another person except where due reference is made in the

text.

Signed: Amira Ramadan Alghamdi

Date: 21 March 2023

XV






Acknowledgements

The years of my PhD have been an incredible phase of my life, which witnessed a
transition of my skills and knowledge. My PhD journey was full of stirring experiences
with fascinating science around me. As this enriching and unique PhD journey comes to
an end, I would first and foremost like to thank Allah (God) almighty for blessing me
with the determination, health and wisdom to complete this thesis. I would also like to
take this opportunity to acknowledge and thank all those who helped me either towards

the completion of this thesis or those who made my PhD a memorable journey.

Firstly, I am deeply thankful to my supervisor, Prof. Gunther Andersson, for the constant
encouragement to challenge myself and so much more. But I am especially grateful for
him letting me follow my own path, make mistakes and learn, which let me grow into the
role of a researcher. Thanks are also owed for his invaluable guidance and advices
throughout my PhD journey and for his intellectual help that helped me compile this work,
which would not have been completed without him. I have worked with Gunther ever
since | started my Master’s and it has been an absolute honour to learn from such a
committed professional and to work closely with a good person. I sincerely appreciate
him for inspiring me and supporting me not only academically but also through the
emotional ups and downs of a PhD life, and for showing empathy and understanding in
difficult situations. His wisdom and support always kept me going. I also appreciated his
support during the COVID-19 time while I was in Japan, which I will never forget.
Thanks a lot, Gunther. You are the best supervisor I have ever worked with. I would like
to equally thank my co-supervisor, Prof. Mats Andersson, for his scientific discussions in
all-polymer projects and for guiding me in the right direction through my PhD to carry
out my research successfully. I'm grateful for providing all the polymer materials that I
need and for visiting me in the laboratory to check on my progress. Thanks a lot, Mats.
Throughout my PhD milestones, Prof. David Lewis and Prof. Jamie Quinton provided

me with valuable advice—my sincere thanks to them.

Xvii



I would like to thank the people I worked with them during my fellowship visit at National
Institute of Material Sciences (NIMS), Japan. I owe my deepest gratitude to my
supervisors, Dr Yasuhiro Shirai and Dr Masatoshi Yanagida, and their Photovoltaic
Materials group in Japan (NIMS) for hosting me and training me in the fabrication of
perovskite solar cells. Working independently in their group imparted much knowledge

about the perovskite solar cell.

I express my sincere thanks to our head at Photovoltaic Materials group, Prof. Kenjiro
Miyano, who I met with every week. I would also like to thank Dr Dhruba B. Khadka for
his useful discussion and support. Thanks to all people I got to know at WPI-MANA
building. My deepest gratitude to thank the head of the Centre for Green Research on
Energy and Environmental Materials, Prof. Kohei Uosaki, for his support. It was a

pleasure to meet and talk with him.

My heartiest thanks to Prof. Tomonobu Nakayam for his genteel manner. I appreciate his
hospitality and generosity to me in Japan. It has really meant a lot. I am grateful to you,

Tomo-san, with lots of respect.

I am thankful for all the people I have met and worked with them at NIMS. T feel
privileged to have had the opportunity to work at NIMS and gain invaluable experience
at one of the world’s most accomplished research institutes. I would like to extend my
special thanks to Osawa Yukiko-san and Yoshio Sakka-San from NIMS for their support

during my fellowship visit.

My special thanks go to my senior, Dr Yanting Yin, who discussed with me the theory of
the organic solar cell when I had just started my PhD, and Dr Jonas Bjuggren, who
synthesised the novel polymers and collaborated with me and taught me the film
fabrication of a polymer solar cell. I also would like to extend my special thanks to
Bradley Kirk for his great collaboration. Also, thanks to Dr The Duong for his feedback

on the introduction of the perovskite chapter.

Xviil



I would like also to thank Dr. Benjamin Chambers for sharing his expertise and

knowledge during the time that we used to work on the NICISS maintenance.

My warmest thanks to my colleagues in Andersson’s group for their guidance and
assistance throughout my project. I enjoyed not only working in the lab with them but
also spending time discussing science, which made this time both informative and

enjoyable.

I gratefully acknowledge the funding sources that made my PhD work possible. I am very
grateful to Immam Abdulrahman bin Fisal University, Dammam, Saudi Arabia, for giving
me the opportunity to continue postgraduate study in Australia. Thanks to all my friends

and colleagues for providing me with endless support.

Last but not least, to my family, lovely sisters and brothers, thanks for all their love and
encouragement. | know it was a long time that I spent away from my lovely family. To
my mum, whose supplication was the secret of my success, and my dad (may Allah have
mercy on him), who used to guide me and support me in various capacities. From the
depth of my heart, thank you to my parents for supporting and caring for me to see me

succeed in my life.

My sincere gratitude goes to my loving husband, Mahfooz Alghamdi—your hard work
has always inspired me, and your sacrifices have helped me achieve my dream. I
appreciate you patiently bearing with me during the stressful years of my PhD, listening
to my concerns about my PhD for an immense number of hours and supporting me all the

way. I love you so much.

To my two eyes, Adeeb and Elias. Your birth during my journey in Australia added joy
and pleasure to our life, and I know that this period was also hard for both of you,
especially while my husband and I were studying a PhD and when I was working late in
the lab or my office. May Allah protect both of you for a heart that lives from your

heartbeat and a mother who sees her present and her future in both of you.

XiX



I am grateful to all my Adelaide Friends for their support throughout my journey; thank

you from the bottom of my heart.

Amira Ramadan Alghamdi

March 2023

XX



List of Publications

The following articles have been published or submitted in peer-reviewed journals as
part of this thesis.

1.

Alghamdi, A. R.; Yanagida, M.; Shirai, Y.; Andersson, G. G.; Miyano, K. Surface
Passivation of Sputtered NiO x Using a SAM Interface Layer to Enhance the
Performance of Perovskite Solar Cells. ACS omega 2022, 7 (14), 12147-12157.

Alghamdi, A. R.; Bjuggren, J. M.; Pan, X.; Andersson, M. R.; Andersson, G. G.
Dipole Formation at Active Materials/P(NDI3N-T-Br) Interface in Organic-based
Photovoltaic. Macromolecular Materials and Engineering 2022, 307 (10), 2200303.

Alghamdi, A. R.; Kirk, B. P.; Kocak, G.; Andersson, M. R.; Andersson, G. G.
Modification of the Surface Composition of PTB7-Th: ITIC Blend Using an Additive.
Molecules 2022, 27 (19), 6358. doi: 10.3390/molecules27196358. PMID: 36234895.

Alghamdi, A. R.; Kirk, B. P.; Kocak, G.; Andersson, M. R.; Andersson, G. G.
Electronic Structure and the Dipole Formation at the ITIC: PTB7-Th on ZnO Interface.

(Ready for submission).

Alghamdi, A. R.; Kirk, B. P.; Yin, Y.; Bjuggren, J. M.; Andersson, M. R.; Andersson,
G. G. The Effect of the Thickness of Conjugated Polymer P(NDI3N-T8-Br) on the

Device Performance of Organic Solar. (Ready for submission).

Publications not presented in this thesis.

1.

Sumiya, M.; Takahara, Y.; Alghamdi, A.; Nakayama, Y.; Uesugi, F.; Harada, Y.; ...
Imanaka, Y. Growth of AlxGal-xN/InyGal-yN Hetero Structure on AIN/Sapphire
Templates Exhibiting Shubnikov-de Haas Oscillation. Journal of Crystal Growth 2021,
574,126324.

. Pandian, M. G. M.; Khadka, D. B.; Shirai, Y.; Yanagida, M.; Kitamine, S.; Alghamdi,

A. R.; Subashchandran, S.; Miyano, K.. Effect of Surface Treatment of Sputtered
Nickel Oxide in Inverted Perovskite Solar Cells. Thin Solid Films 2022, 139486.

XX1



. Alharbi, T. M. D.; Alghamdi, A. R. M.; Vimalanathan, K.; Raston, C. L. Continuous
Flow Photolytic Reduction of Graphene Oxide. Chemical Communications 2019, 55
(76), 11438-11441.

. Alghamdi, A. R. M.; Kloo, L.; Andersson, G. G. The Influence of Three Modified
Versions of Z907 on the Adsorption Kinetic on Titania. (In progress).

. Alghamdi, A. R. M.; Kloo, L.; Andersson, G. G. The Effect of the Co-Adsorbent DPA
on the Adsorption Kinetics and the Performance of the Dye Solar Cell under Different

Immersion Times. (In progress).

. Alghamdi, A. R. M.; Yanagida, M.; Shirai, Y.; Andersson, G. G.; Miyano K. Ion
Migration of B and X in Mixed Cation Perovskite Solar Cell. (In progress).

xXxil



Conference and Presentation

1. Alghamdi, A. R. M., Lars Kloo and Gunther G. Andersson, The Effect of the Co-
Adsorbent DPA on the Adsorption Kinetics and the Performance of the Dye Solar,
[Poster] presented at the Second College of Science and Engineering Higher Degree
Research conference (2018), Flinders University, Australia (27-28 November 2018).

2. Alghamdi, A. R. M., Mats R. Andersson and Gunther G. Andersson, Material
Intermixing and Dipole Formation at TQI/P(NDI3N-T-Br) Interface in Organic-
based Photovoltaic, Australasian Community for Advanced Organic Semiconductors
(AUCAOS), Hahndorf, Adelaide (2018).

3. Alghamdi, A. R. M., Mats R. Andersson and Gunther G. Andersson, Dipole
Formation at Active Materials/P(NDI3N-T-Br) Interface in Organic-based
Photovoltaic, [Poster] presented at the Advanced Materials and Nanotechnology
(AMND9), Wellington, New Zealand (10-14 February 2019).

4. Alghamdi, A. R. M., Mats R. Andersson and Gunther G. Andersson, The Effect of
the Co-Adsorbent DPA on the Adsorption Kinetics and the Performance of the Dye
Solar, [Poster] presented at the Nanoscale Science & Technology’s 9th Annual

Conference, Flinders University, Australia (June 2019).

5. Alghamdi, A. R. M., Mats R. Andersson and Gunther G. Andersson, Material
Intermixing and Dipole Formation at TQI1/P(NDI3N-T-Br) Interface in Organic-
based Photovoltaic, [Poster] presented at the Third College of Science and
Engineering Higher Degree Research conference, Flinders University, Australia (26—
27 November 2019).

6. Alghamdi, A. R. M., Mats R. Andersson and Gunther G. Andersson, Dipole
Formation at the Active Materials/Conjugated Polymer P(NDI3N-T-Br) Interface,
[Poster] presented virtually at the MANA International Symposiums Conference,
NIMS, Japan (2022).

7. Alghamdi, A. R. M., Mats R. Andersson and Gunther G. Andersson, Surface
Passivation of Sputtered NiOx using a SAM Interface Layer to Enhance the

XXI111



Performance of Perovskite Solar Cells, [Poster] presented at the Nanoscale Science
& Technology’s 10th Annual Conference, Flinders University, Australia (June 2021).

8. Alghamdi, A. R. M., Jonas M Bjuggren, Mats R. Andersson and Gunther G.
Andersson, Electronic Structure at the TQ1:N2200/Conjugated Polymer P(NDI3N-
T-Br) Interface, [Poster] presented at the 2021 Australian Institute of Physics Summer
Meeting, Queensland University of Technology (QUT), Australia (6—9 December
2021).

9. Alghamdi, A. R. M., Mats R. Andersson and Gunther G. Andersson, Materials
Intermixing and the Dipole Formation at the active Layer/Conjugated Polymer
P(NDI3N-T-Br) Interface, [Presentation] presented at the Australasian Community
for Advanced Organic Semiconductors (AUCAOS) Symposium, New South Wales,
Australia (March 2022).

10. Alghamdi, A. R. M., Mats R. Andersson and Gunther G. Andersson, Electronics
Structure of ITIC and PTB7-Th on Conjugated Polymer P(NDI3N-F§-Br) Interface
for Organic Solar Cell, [Poster] presented at the Nanoscale Science & Technology’s
11th Annual Conference, Flinders University, Australia (June 2022).

11. Alghamdi, A. R. M., Mats R. Andersson and Gunther G. Andersson, Modification of
the Surface Composition of PTB7-Th: ITIC Blend Using an Additive, [Poster]
presented at the 17th Conference of the International Association of Colloid and
Interface Scientists (IACIS), Brisbane, Australia (June 2022).

12. Alghamdi, A. R. M., Mats R. Andersson and Gunther G. Andersson, Electronics
Structure of ITIC and PTB7-Th on Conjugated Polymer P(NDI3N-F8-Br) Interface
for Organic Solar Cell, [Poster] presented virtually at the 33rd Australian Colloid and
Surface Science Student Conference (33ACSSSC), Brisbane, Australia (January
2022).

13. Alghamdi, A. R. M. [Attending] at Australian Institute of Physics (AIP) Congress,
Adelaide (December 2022).

Awards

e National Institute for Materials Science (NIMS) Fellowship, from January 2020
to April 2021.

XX1V



Horizon Professional Development Award Certificate, Silver: 2019, Flinders
University, Australia.

Horizon Professional Development Award Certificate, Bronze & Gold: 2020,
Flinders University, Australia.

Best Poster (People’s Choice). Presented at the 2021 Australian Institute of
Physics Summer Meeting, Queensland University of Technology (QUT),
Australia, 6-9 December 2021.

Activities

Attended the American Chemical Society ACS event on Campus at Adelaide
University on 25 July 2019.

Participated in 3MT competition, 2021.

Attended the Australian National Fabrication Facility’s Microengineering School,
20-23 September 2022.

Attended the Australian Synchrotron Microscopy Workshop, 2022.

XXV






List of Figures

Figure 1-1. (A) Primary energy sources in power generation* and (B) Renewable

BIICTEY TIEX.> oottt ettt ettt ettt e et sttt e st et es ettt s st et sttt et esesesesesesnas 2
Figure 1-2. Best research-cell efficiencies chart.!? ............c.coovevvveeveeeeeeeeeeeee, 4
Figure 1-3. Typical structures of OPSs. (A) Bilayer system, (B) BHJ system and

(C) tandem system. Adapted from. 6. ..........cooiviiiiiiieeeeceeeeeeeeeee e 7
Figure 1-4. The working principle of the OPV. Adapted from.>® ...............cccooevrverernnnn. 9
Figure 1-5. Energy level alignment of donor-acceptor heterojunction. Adapted

FEOMLI0 ettt 11

Figure 1-6. Different materials’ energy levels when aligned at the interface. Fermi

level is Fermi’s energy 1€VEL. .......oooiiiiiiiiiciiece ettt 18
Figure 1-7. Inverted OPV device and associated energy levels. .........cccoeeueevieniiennnnne. 21
Figure 1-8. The cubic crystal structure of ideal perovskite.!%...............ccccoverveverrrnneee. 26

Figure 1-9. PSCs structures. (A) Mesoscopic PSCs and oxide framework covered

by a thin layer. (B) Mesoscopic PSCs and oxide framework covered by a layer on

the top. Planar PSCs structure: (C) the n—i—p architecture and (D) the p—i—n
architecture. Adapted from.122...........c.oooiiiiieeeeeeeeeeeee e 31
Figure 1-10. Energy level and working principle of PSC. 1) Photon absorption

and generation of free charge carriers, 2) transport of free charge carriers and 3)

collection of free charge carriers at particular electrodes. Adapted from.!>*.............. 37
Figure 2-1. Schematic of an inverted device structure of OPV using P(NDI3N-T-

Br) as organic CIL with active layers of TQ1 and N2200. ........c.cccocveeviiieeiieenieeeieeens 55
Figure 2-2. Schematic of an inverted device structure of OPV using P(NDI3N-

F8-Br) as organic CIL with active layers of PTB7-Th and ITIC..............cccovvevrirennnn. 56
Figure 2-3. Schematic of an inverted device structure of OPV using ZnO as

inorganic CIL with active layers of PTB7-Th and ITIC. .........cccccooviiiiniiiiniiniieee 56
Figure 2-4. Schematic of an inverted device structure of OPV using an additive to
modify the donor and acceptor in BHJ. .........ccooiiiiiiiiiiieeee e 57
Figure 2-5. Schematic of an inverted device structure of PSC using SAM to

passivate the surface 0f NIOX. ....cccueiiiiiiiiiieciiieeie e e 58
Figure 3-1. Schematic of UHV instrument of the multi-spectroscopy. .........cccceevvenne. 61
Figure 3-2. The instrument of UHV at Flinders University for XPS, MIES/UPS

and IPES. The instrument was manufactured by SPECS (Berlin, Germany)................. 61
Figure 3-3. Excitation of X-ray photoelectron from elemental core level..................... 64

Figure 3-4. Typical UP spectrum with marked VB and secondary electron cut-off......65
Figure 3-5. Diagram of NICISS operation and the raw NICISS spectrum..................... 70

XXVii



Figure 3-6. The NICISS instrument at Flinders University. The instrument was

manufactured by SPECS (Berlin, Germany). ........ccccoeevuveeriieeiiieeieeeiee e 71
Figure 3-7. Schematic illustration of diffraction process in XRD measurement........... 72
Figure 3-8. Schematic illustration of SEM S€t-Up........ccccveriieriieriiiiieeieeiieeeeiee e 73
Figure 3-9. Basic schematic of the AFM. ......cccoiiiiiiiiiiiiccee e 75
Figure 3-10. Schematic illustration of PDS Set-up........cccceeviieviieniiiiiiiiieieeieeee, 76
Figure 3-11. Chemical structures of the n-type cathode interface materials
P(NDI3N-T-Br) and P(NDI3N-F8-BI). ....cccieiiiiiiieieeeeee e 81
Figure 3-12. Chemical structure of donor material (TQ1 and PTB7-Th) and

acceptor materials (N2200 and ITIC). .....ccccviieiiieeiiieeeeeeeee e e e 82
Figure 3-13. Chemical structure of SAM (MeO-2PACZ). .....ccceevvieviieniieiieeieeeeen, 84

Figure 4-1. (Top) FA device structure using P(NDI3N-T-Br) as a CIL with the
active layers TQ1 and N2200, and (Bottom) the chemical structure of the

materials used N this WOTK..........c.ooiiiiiiiiiii e 93
Figure 4-2. The distribution of Br at the TQ1/P(NDI3N-T-BR) interface layer,
with the zero mark indicating the very surface of the samples. ..........ccccoeevciviiriiieennnnn. 95

Figure 4-3. High-resolution XPS of (A) Cls, (B) Nls, (C) S 2p and (D) Br 3d of
pristine P(NDI3N-T-Br), pristine TQ1 and samples with layers of 0.8 to 7.7 nm of

TQ1 0N P(NDIBN-T-BI). oottt s 97
Figure 4-4. (A), (B) and (C) show the shift in the C, N and S peak positions

towards lower binding energy with increasing TQ1 thickness. However, the N'Br~

and N-C stay constant without shift, as shown in Figure S4-3. (D) shows the Br

peak position without any obvious shift. (E) shows the intensity ratios of Br/S and

(F) Br/N for various deposition thickness of TQ1. ......cccccecvieveiiiiiiiiniieee e, 99
Figure 4-5. High-resolution XPS of (A) Cls, (B) Nls, (C) S 2p and (D) Br 3d of
pristine P(NDI3N-T-Br), pristine N2200 and samples with layers of 1 to 10 nm of
N2200 0n P(NDIZN-T=BI). ..ceuttiiiniiiieiieieeieetene ettt st 102
Figure 4-6. (A), (B), (C) and (D) show the position peaks of the C, N, S and Br

and the change after increasing N2200 thickness. (E) shows the intensity ratios of

Br/S and (F) Br/N for various deposition thickness of N2200. .........ccccceevevveerivernnens 103
Figure 4-7. (A) The plot of the CB/ELumo and VB/Enomo region of TQ1 and
P(NDI3N-T-Br) as measured via UPS and IPES. (B) The plot of the CB/ELumo

and VB/Enowmo region of N2200 and P(NDI3N-T-Br) as measured via UPS and

IPES. For determining the cut-off for VB and CB, the level of noise in the UP and

IPE spectra must be considered, with the IPE spectra showing a higher level of

THOTSE. - utteuteentteeuteeuteeeut e e bt e eub e e bt e eab e e b eeeabe e bt e e a b e e bt e eab e e bt e e a bt e bt e et e e e heeeabeeenbeenbeesheeenbeeeaeas 105
Figure 4-8. (A) and (B) show the reference spectra of UPS and MIES for
TQI1/P(NDI3N-T-Br). TQI shifts towards lower binding energy. (C) and (D)

show the weighting factors for TQ1 and P(NDI3N-T-Br) of the UP and MIES

] 01T ¢15 ¢ FA R T U RUPRRTPPRUTRPROPRO 107

XXViil



Figure 4-9. (A) and (B) show the reference spectra of N2200/P(NDI3N-T-Br)

obtained from UPS and MIES, where N2200 shifts towards lower binding energy.

(C) and (D) show the weighting factors of N2200 and P(NDI3N-T-Br) from UP

ANA MIES SPECIIA. .eiiuiiieiiieiieeiieiie ettt ettt ettt s ae e be e s b e enseessseesbeessseensees 109
Figure 4-10. (A) the energy level of TQ1/ITO, P(NDI3N-T-Br)/ITO and

N2200/ITO. (B) the energy level of TQ1/P(NDI3N-T-Br)/ITO. (C) the energy

level of N2200/P(NDI3N-T-Br)/ITO, the energy level of TQ1/P(NDI3N-T-

Br)/ITO and N2200/P(NDI3N-T-Br)/ITO and the CT over the interface layers

with the interface dipole that shifted the VB/Enomo and CB/Erumo level. VL,

VACUUIM LEVEL. ..ottt e 114
Figure 5-1. (Top) The inverted device architecture using P(NDI3N-F8-Br) as a

CIL with a PTB7-Th: ITIC system and (Bottom) the chemical structures of PTB7-

Th, ITIC and P(NDI3N-F8-BI) CIL......ccctiiiiiiiinieniieieeiesieee et 127
(A) The concentration depth profile of Br in the PTB7-Th/P(NDI3N-F8-Br)

interface layers, with the zero mark indicating the very surface of the samples. (B)

The distribution of Br in the ITIC/P(NDI3N-F8-Br) interface layers............ccccuveneee. 129
Figure 5-3. XPS results showing the change in (A) Cls, (B) Fls, (C) S 2p and (D)
Br 3d for PTB7-Th layers deposited on P(NDI3N-F8-Br). ....cccceooiiriininiiniiiinienne 132

Figure 5-4. XPS results showing the change in (A) Cls, (B) Nls, (C) S 2p and

(D) Br 3d for ITIC layers deposited on P(NDI3N-F8-Br). The changes of two

other N peaks of ITIC/P(NDI3N-F8-Br) interfaces are shown in Figure S5-3............. 134
Figure 5-5. The plot of the VB/Enomo and CB/Erumo region as measured via UPS

and IPES of PTB7-Th, ITIC and P(NDI3N-F8-Br) samples. For determining the

cut-off for VB and CB, the level of noise in the UP and IPE spectra must be

considered, with the IPE spectra showing a higher level of noise. ..........cccccoeeveeenennnee. 136
Figure 5-6. The reference spectra of UPS (obtained from SVD analysis) for (A)
PTB7-Th/P(NDI3N-F8-Br) interfaces and (B) ITIC/P(NDI3N-F8-Br) interfaces. ...... 138
Figure 5-7. Weighting factors of UPS for (A) PTB7-Th/P(NDI3N-F8-Br) layers

and (B) ITIC/P(NDI3N-F8-BI) 1ayers. ......ccccveiiiieriieeeiieeeiee et 138
Figure 5-8. Schematic of an interface dipole formed with the thin layer. An

opposite dipole is also formed across thicker layers. ...........cccoeviieviiniiiniiniieieceee, 140
Figure 5-9. The energy level of (A) PTB7-Th/P(NDI3N-F8-Br) and (B)
ITIC/P(NDI3N-F8-Br) and the CT over the interface layers. VL, vacuum level. ........ 141
Figure 6-1. (Top) Device structure using ZnO as the interface layer, and (Bottom)

the chemical structure of the polymer base PTB7-Th and ITIC. ............ccccovvrenneennnne. 150
Figure 6-2. (A) NICIS spectra of pristine ZnO and PTB7-Th layers deposited on

Zn0O with different concentrations. (B) NICIS spectra of pristine ZnO and ITIC

layers deposited on ZnO with different concentrations. ...........cceceveeverienenneneenennne. 151

XXIX



Figure 6-3. XPS results for PTB7-Th/ZnO interface. (A) shows the change in C-

C, (B) shows the change in S, (C) shows the change in F and (D) shows the peak
positions of Zn without any obvious Shift...........cccceeeuiieiiiiieiiiiie e, 154
Figure 6-4. XPS results for ITIC/ZnO interfaces layers. (A) shows the peak

position of C-C, (B) shows S peak positions, (C) shows N peak positions and (D)

shows the peak positions of Zn with transition shift..........c..cccceeviniiiiiiniinninn 156
Figure 6-5. The plot of the CB/ELumo and VB/Enomo region as measured via UPS

and IPES of the PTB7-Th, ITIC and ZnO samples. For determining the cut-off for

VB and CB, the level of noise in the UP and IPE spectra must be considered, with

the IPE spectra showing a higher level 0of n01Se. .......coccvveeiiiiiiiiieiieeeeeeeee e 157
Figure 6-6. The reference spectra of UPS (obtained from SVD analysis) for (A)
PTB7-Th/ZnO interfaces and (B) ITIC/ZnO interfaces. (C) The third reference of
PTB7-Th/ZnO interfaces, shifted towards higher binding energy by 0.2 eV. Note

that Ref A and Pristine ZnO ovVerlap.........ccccuveeiiieiiiieciie et 159
Figure 6-7. Weighting factors of UPS for (A) PTB7-Th/ZnO interfaces and (B)
ITIC/ZNO INLETTACES. ...ttt ettt 160
Figure 6-8. The energy level of (A) PTB7-Th/ZnO/ITO and (B) ITIC/ZnO/ITO

and the CT over the interface layers. VL, vacuum level.............cccoooeeeiiiniiniinninnnene 163
Figure 7-1. (Left) The chemical structures of PTB7-Th, ITIC and AA, and

(Right) the device StIUCTUIE. .....ccuuiiiieiieeiieiie ettt 173

Figure 7-2. AFM topography height (a and b) and phase (¢ and d) images

(5 pm x 5 pm) of the surface morphology of BHJ with 0% AA (a and c) and 2%

AA (b and d). Average Rq roughness was calculated from five scan locations per

T 11010 (=TS P U PRR RPN 177
Figure 7-3. NICIS TOF spectra of PTB7-Th, ITIC and a 1:1.3 blend of PTB7-Th

and ITIC. Signal onset of helium backscattered from sulphur, silicon, oxygen,

nitrogen and carbon is marked by vertical bars. The spectra are offset vertically

FOT CLATTEY . 1ottt ettt e e et e e e bt e e sbeeessbeeeesseeessseessnseeennseeens 178
Figure 7-4. Comparison of the concentration profiles of BHJ with 2% AA and

without an additive. The dashed line indicates the bulk concentration of S for the

ratio of 1:1.3 (the ratio of PTB7-Th: ITIC). The S to C ratio for the bulk in the

spectrum of the BHJ can be determined from the elemental composition of the
INAividual COMPONENLS. ...c..eiiiiiiieeiieie ettt saeeenee 179
Figure 7-5. Schematic showing the effect of the AA additive on the donor

enrichment at the SUrface. ..o 182
Figure 8-1. (Left) Schematic representation of the device structure and (Right)
chemical structure 0f MEO-2PACzZ. ......cccoiiiiiiiiiie e 196
Figure 8-2. (a and b) SEM images of NiOx before and after treatment with MeO-
2PACz SAM. (¢) XRD patterns for NiOx. (d) XRD patterns for NiOx/MeO-

2PACZ SAM. ..ottt sttt 198

XXX



Figure 8-3. XPS surface spectra: (a) Ni 2p3,2 for pristine NiOx, (b) O 1s for

pristine NiOx, (c) Ni 2p3.2 for NiOx treated with MeO-2PACz and (d) O 1s for

NiOx treated With MEO-2PACZ. ......ccuiiiiiiiiiiii e 200
Figure 8-4. SEM images of perovskite (PVK) films: (a) top surface SEM without
treatment, (b) top surface SEM with MeO-2PACz interface, (c) cross-sectional

scanning image without treatment and (d) cross-sectional scanning image with a
MEO-2PACZ INLEITACE. .....eeueieiiiieiie ettt et e 203
Figure 8-5. (a) Steady-state PL for perovskite films with and without treatment.

(b) TRPL measured for perovskite films with and without treatment. (¢) XRD

patterns for perovskite films on pristine NiOx. (d) XRD patterns for modified

INIOK. ettt ettt ettt e e b ettt a e bt e ae ettt et nesa e 204
Figure 8-6. PDS spectra and the Urbach energy as determined from the inverse
slope of the PDS signals for (a) NiOx and (b) perovskite. ..........ccceeceereiierienieeniiennnnns 206

Figure 8-7. (a) Representative J-V characteristics for the control perovskite

device and the device modified using the MeO-2PACz interface layer. (b) EQE

spectra for the control perovskite device and the device modified with a MeO-

2PACz interface layer. Integrated Js. for the MeO-2PACz treated and untreated

devices are 17.7 mA/cm? and 16.3 MA/CIM?. .......cocoevoiieeeieeeeeeeeeeeeeeee e, 206
Figure 8-8. UPS spectra for NiOx and NiOx/MeO-2PACz, as measured under a

bias of —10 V. (a) Valance band spectra for NiOx and NiOx/MeO-2PACz. (b) The

WF (o) is calculated using the equation ¢ = hv, with the secondary electron (SE)

used as the cut-off. (¢) The energy level diagram for pristine NiOx (left) and

NiOx/MeEO-2PACZ (T1ZNL). c.eeeeieiieeiieeee e e 209
Figure S4-1. The distribution of Br in the N2200/P(NDI3N-T-BR) interface layer,
with the zero mark indicating the very surface of the samples. ...........cccceeveiiereennnnen. 226

Figure S4-2. (A) High-resolution XP spectra of O 1s for different thickness of
TQ1 on P(NDI3N-T-Br). (B) High-resolution XP spectra of O 1s for different

thickness 0f N2200 on P(NDI3N-T=-BI).....cccooiiiiiiiieiiie et 227
Figure S4-3. Position of N-C and N'Br~ for TQ1 deposited onto P(NDI3N-T-Br).
The position of the N species of TQ1 is constant for all TQ1 thicknesses. .................. 228

Figure S4-4. (A) SE region, (B) valence electron region of the UP spectra, (C)

valence electron region of the MIES spectra of the same samples with a range of

TQ1 layer thicknesses and (D) the plot of CB/ELumo and VB/Enowmo region of the
samples as measured via UPS and IPES. ..........c..occoiiiiiiii e 231
Figure S4-5. (A) SE region, (B) valence electron region of the UP spectra, (C)

valence electron region of the MIES spectra of the same samples with a range of
N2200 layer thicknesses and (D) the plot of CB/ELumo and VB/Enowmo region of

the samples as measured via UPS and IPES. ..........cccoooiiiiiiiiiiee e, 232
Figure S4-6. The spectra of UPS and MIES, for TQ1/P(NDI3N-T-Br) interface
SAIMNPLES. 1.ttt ettt ettt e et e et e et e e abe e bt e sabe e beeenbeenbeeenbeeseennbeens 233



Figure S4-7. The spectra of UPS and MIES for N2200/P(NDI3N-T-Br) interface

T 110010 (<1 PRSPPI 235
Figure S4-8. (A) and (B) The reference spectra of UPS and MIES. P(NDI3N-T-

Br) does not have any shift for the TQ1/P(NDI3N-T-Br) interface. .........cccccceevuveeneen. 237
Figure S4-9. (A) and (B) The reference spectra of UPS and MIES. P(NDI3N-T-

Br) does not have any shift for the N2200/P(NDI3N-T-Br) interface. ..........c.cccvenneeen. 238
Figure S5-1. High-resolution XPS of (A) Cls, (B) Fls, (C) S 2p and (D) Br 3d

for PTB7-Th layers deposited on P(NDI3N-F8-BT). ..ccccovoiiiiiiiieiieeieeeee e 242
Figure S5-2. High-resolution XPS of (A) Cls, (B) Nls, (C) S 2p and (D) Br 3d

for ITIC layers deposited on P(NDI3N-F8-BI).....ccccovviiiiiiiiiiiiicieeceeeeee e 244

Figure S5-3. The change in the N peak positions, showing a negligible shift

towards higher binding energy with decreasing concentration of ITIC........................ 245
Figure S5-4. (A) The plot of VB/Enomo and CB/ELumo of the samples of different
PTB7-Th layer thicknesses deposited on P(NDI3N-F8-Br) as measured by UPS

and IPES. (B) The plot of VB/Enomo and CB/ELumo of the samples of different

ITIC layer thicknesses deposited on P(NDI3N-F8-Br) as measured by UPS and

TP E S, ettt ettt b et 246
Figure S6-1. Plot of VB/Enomo and CB/Erumo (from UPS and IPES) of (A)
PTB7-Th layers deposited on ZnO and (B) ITIC layers deposited on ZnO. ................ 250

Figure S6-2. Plot of the cut-off for VB region as measured via UPS of (A)

1 mg/mL of PTB7-Th/ZnO, (B) 2.5 mg/mL of PTB7-Th/ZnO and (C) 4.5 mg/mL

OFf PTB7-TR/ZNO . ....c..ooiieeeeeeee ettt ettt et e e e ae s 252
Figure S6-3. Plot of the cut-off for VB region as measured via UPS of (A) 1

mg/mL of ITIC/ZnO, (B) 1.3 mg/mL of ITIC/ZnO and (C) 1.5 mg/mL of

ITIC/ZNO. ittt ettt sttt et sttt e atesbe e 253
Figure S8-1. The transmittance of NiOx and NiOx/MeO-2PACz SAM. ..........cccc..... 254
Figure S8-2. XPS surface spectra for pristine NiOx and NiOx treated with MeO-
2PACz. (a) Top plot shows Cls peaks for pristine NiOx and bottom plot shows

peaks for treated NiOx. (b) N1s peak for NiOy treated with MeO-2PACz. (¢) P 2p
spectra for NiOx treated With MEO-2PACzZ.........cccovvveoiiieiiiieieeceeeee e 255
Figure S8-3. The I-V data for the NiOx/MeO-2PACz device measured by the
Calibration, Standards and Measurement Team of AIST (AIST logo was removed

in accordance with the publication PoliCIes). ........ceevuieriieiiieniieiieie e 256
Figure S8-4. Operational stability of the glass encapsulated MeO-2PACz treated

and untreated sp-NiOx devices at MPPT condition at ~60 °C in air. ..........cccccueeennnennn. 256
Figure S8-5. IQE spectra for the control perovskite device and device modified

with @ MeO-2PACZ INteTface 1ayer. ......cccvveeiieeiiieeieeeeee et 257

Figure S8-6. Statistics of device parameters of NiOx and MeO-2PACz/NiOx, (a)
Voc, (b) Js, (c) FF and (d) efficiency (1) of the eight PSCs for each condition. ......... 257

XxXil



List of Tables

Table 1-1 Range of Radii for Cation in A Position in APbX3 Structure........................ 27
Table 1-2 The Parameters of Active Layers in PSCs and OPVs.......ccccccoeveivivciiennnnn, 36
Table 4-1 The Thicknesses of the TQ1 and N2200 Layers Deposited on
P(NDI3N-T-BR), Evaluated from NICISS........ccccooiiiiriiiiiieecceeesecee 95
Table 4-2 The Values of VB/Enomo, CB/ELumo and Energy gap (Eg) of the TQ1,
N2200 and P(NDI3N-T-Br) Samples........cccceerieriiriieniieiieeieeiee e 106
Table 5-1 Device Characteristics of Inverted and Conventional Devices Based on
PTB7-Th: ITIC Fabricated with New Cathode Interface of P(NDI3N-F8-Br)............. 128
Table 5-2 Thicknesses of the ITIC and PTB7-Th Layers Deposited on P(NDI3N-
F8-Br), Evaluated from NICISS .........oooiiiieeeee et 130
Table 5-3 The Values of WF, VB/Enomo, CB/ELumo and Energy gap (Eg) of the
PTB7-Th, ITIC and P(NDI3N-F8-Br) Samples........ccccceevueerieriiieieeieeieeieeeeee e 136
Table 6-1 Thicknesses of the ITIC and PTB7-Th Layers Deposited on ZnO,

Evaluated from NICISS ... 152
Table 6-2 The Values of VB/Enomo, CB/ELumo and the Energy gap (Eg) of the
PTB7-Th, ITIC and ZnO Samples .........cceeecireriiieeeiieeeiieerieeeeree e e eieeeeneeesaeeeeeneees 158
Table 7-1 Device Characteristics of PTB7-Th: ITIC With and Without AA

AAIEIVE ...ttt bbbt 175
Table 7-2 Surface Roughness and S Relative Concentration of the PTB7-Th: ITIC
Device With and WithOUt AA ......cc.ooiiiiiiiiiieeeeee e 180

Table 8-1 Summary of the Relative Intensity of the Ni 2p, O 1s and P 2p Peaks
Showing the Area Under the Curve for the Pristine NiOx and NiOx/MeO-2PACz

Samples Obtained from XPS ..o 201
Table 8-2 Device Parameters for PSCs Including the Control Devices and

Devices Modified Using a SAM Layer Interface ..........ccccoevveeiiieniiniieniiiiieeeeeee, 207
Table S4-1 The Peak Positions (eV) with Uncertainties of + 0.2 or & 0.3 for the

TQ1 with Different ThiCKNESSES .........ccevuiiiiiiiiiciieceiee e 229
Table S4-2 The Ratio of N Peaks for the TQ1 with Different Thicknesses................. 229
Table S4-3 The Peak Positions (eV) with Uncertainty of + 0.2 or £+ 0.3 for the

N2200 with Different ThiCKNESSES .......cc.ceriieriiiriiiiieiieeieeeeee e 230
Table S4-4 The Values of WF, VB/Enomo and CB/Erumo of the TQ1/P(NDI3N-

T-BI) SAMPLES ....eeiiieiiieieee ettt ettt et e eneeas 234
Table S4-5 The Values of WF, VB/Enomo and CB/ELumo of the
N2200/P(NDI3N-T-Br) SAMPLES .....cccveeiiiiiiieiiieiieiieeie ettt 236
Table S5-1 The Peak Positions (eV) with Uncertainties of + 0.2 or + 0.3 for

PTB7-Th with Different Thicknesses Deposited on P(NDI3N-F8-Br) .........ccccuveneee. 241

XXX111



Table S5-2 The Peak Positions (eV) with Uncertainties of + 0.2 or £ 0.3 for ITIC

with Different Thicknesses Deposited on P(NDI3N-F8-Br) ........ccccovvvviiiievciiiieeeee. 243
Table S5-3 The Values of WF, Enomo - VB and Erumo - CB of the
ITIC/P(NDI3N-F8-BI) SAMPIES ....cevveeiiieiieiiiieiieeieeiteeee ettt 247
Table S5-4 The Values of WF, Enomo - VB and Erumo - CB of the PTB7-
Th/P(NDI3N-F8-Br) SAmMPIes......ccceeiiiiiiiiiieiieriie ettt 247

Table S6-1 The Peak Positions (eV) with Uncertainties of + 0.2 or = 0.3 for
Pristine ZnO, Pristine PTB7-Th and Different Thicknesses of PTB7-Th Deposited

Table S6-2 The Peak Positions (eV) with Uncertainties of + 0.2 or + 0.3 for
Pristine ZnO, Pristine ITIC and Different Thicknesses of ITIC Deposited on ZnO ....249
Table S6-3 The Values of WF, VB/Enomo and CB/Erumo of the PTB7-Th/ZnO

Samples, Pristine ZnO and Pristine PTB7-Th .......cccccccoviiniiiiniiiiceeeee 251
Table S6-4 The Values of WF, VB/Enomo and CB/ErLumo of the ITIC/ZnO

Samples, Pristine ZnO and Pristine ITIC............cccvieiiiiiiiieeeeeeeeeeee e 251
Table S8-1 Electronic Properties of NiOx and NiOx/MeO-2PACxz..........ccceeevvveennnnn. 258

XXX1V



Abbreviation List of Chemicals and
Symbols

AA

AFM
ARXPS
AZO

BHJ

CB

CIL

CT
diBrDANDI

ECB
E¢

EQE
ETL
EVB
FF
FWHM
HOMO
HTL
IPES
IQE
IPCE

ITIC

ITO

Jsc

J-V

LUMO
MeO-2PACz
MIES

MoO,

N2200

Anisaldehyde

Atomic Force Microscopy

Angle Resolved X-ray Photoelectron Spectroscopy
Aluminium-doped Zinc Oxide

Bulk Heterojunction

Conduction Band

Cathode Interface Layer

Charge Transport

dibromo-2,7-bis[3-
(dimethylamino)propyl]benzo[lmn][3,8 Jphenanthroline-
1,3,6,8(2H,7H)-tetrone

Conduction Band Energy

Fermi Level Energy

Energy Gap

External Quantum Efficiency

Electron Transport Layer

Valence Band Energy

Fill Factor

Full Width at Half Maximum

Highest Occupied Molecular Orbital

Hole Transport Layer

Inverse Photoemission Spectroscopy

Internal Quantum Efficiency

Incident Photon-to-Electron Conversion Efficiency
Short-Circuit Current
3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-
5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:20 ,30 -dO ]-s-
indaceno[1,2-b:5,6-b0 ]-dithiophene

Indium Tin Oxide

Short-Circuit Current Density

Current Density-Voltage

Lowest Unoccupied Molecular Orbital
[2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid
Metastable Impact Electron Spectroscopy

Molybdenum Trioxide
poly[[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide) 2,6-diyl]-alt-5,5'-(2,2'-bithiophene)]

XXXV



NDI
NICISS
014

Naphthalene Diimide
Neutral Impact Collision Ion Scattering Spectroscopy
Organic Photovoltaic

P(NDI3N-F8-Br) poly[(N,N'-bis(3-(N,N-dimethyl)-N-

P(NDI3N-T-Br)

PCE
PES
PTB7-Th

Rs

Rsh
SAM
SC
SEM
sp-NiOx
SVD
TOF

TQI

UHV
UPS
VB
VL
Voc
WF/$
XPS
Zn0O

ethylammonium)propyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl)-alt-2,7-(9,9’ dihexylfluorene))]dibromide
poly[(N,N"-bis(3-(N,N-dimethyl)-N
ethylammonium)propyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl)-alt-2,5-thiophene)]dibromide

Power Conversion Efficiency

Photoelectron Spectroscopy
poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[ 1,2-b; 4,5-
b]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno|3,4-
b]thiophene-)-2-carboxylate-2-6-diyl)]

Series Resistance

Shunt Resistance

Self-Assembling Monolayer

Solar Cell

Scanning Electron Microscopy

Sputtered Nickel Oxide

Singular Value Decomposition

Time Of Flight
Poly[[2,3-bis(3-octyloxyphenyl-5,8-quinoxalinediyl]-2,5-
thiophenediyl]

Ultra-High Vacuum

Ultraviolet Photoelectron Spectroscopy

Valence Band

Vacuum Level

Open-Circuit Voltage

Work Function

X-Ray Photoelectron Spectroscopy

Zinc Oxide

XXXVi



Chapter 1: Background

Chapter 1: Background

1.1 Introduction

1.1.1 The significance of renewable energy research

In the last decades, we have witnessed steadily advancing socio-economic conditions in
different regions of the world, which corresponds to a significant growth in energy
demand. Globally, the consumption of electricity is rampantly increasing due to
continued electrification. Nearly 70% of our energy production goes towards electricity
generation, be it from non-renewable (coal, oil and gas) or renewable (solar, wind and
biomass) sources.! Fossil fuels—coal, oil and gas—still make up over 70% of the primary
energy, which is used to generate electricity. Even with the introduction of new energy
sources, it is expected that their share will only drop to 60% by 2040 (see Figure 1-1A).?
Still, the impact of climate change and the rise in average global temperature,
compounded by the rise in pollution levels in urban areas, cast overreliance on fossil fuels
and is emphasised as the quintessential global problem of our century. Part of the solution
to the rapid rise in energy demand and severe environmental pollution is to reliably raise
the portion of renewable energy in the energy mix to above 40% of electricity generation
by 2050.% According to a recent report by BP, ‘BP Energy Outlook —2018’,% around 50%
of newly installed power generation units use renewable sources, and, at this rate, it is
projected that the share of energy coming from renewables will rise from a meagre 7% to

roughly 25% by 2040.

Wind and solar energy are becoming increasingly competitive, which explains the rapid
growth in renewable energy. Our closest star is the sun, which provides us with clean
energy without any negative effects (pollution, greenhouse gas emissions [CO2/CHa]).
An over 150% increase in electricity production from solar power is expected in 2022
when compared to a benchmark 2015 production (see Figure 1-1B). The huge increase in

1
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solar power electricity generation is due to a larger-than-expected drop in production

prices, which has made solar cells affordable by the 2020s.°

Figure 1-1. (A) Primary energy sources in power generation and (B) Renewable energy
mix. Images removed due to copyright restriction. Available online from.>*

These promising initial results are the outcome of growing photovoltaic (PV)
development and their successful implementation worldwide, which is encouraged by
sufficient research funding, advancement of low-cost PV technologies and support from
policymakers. Solar power generation has not reached its colossal potential, as there are
still limitations in the efficiency of the materials and the design of the PV cell.
Additionally, the cost of energy from PV still outweighs fossil fuels, presenting a major
challenge to the extensive worldwide deployment of PV cells. This work will focus on
PV technology. We studied the internal mechanisms of a solar cell (SC) and the possible

avenues for increasing their conversion efficiency.
1.1.2 Types of SCs and their historical timeline

The first discovery of PV effect was by French scientist Edmond Becquerel in 1839,° in
a liquid-based system. After the initial almost 40-year discovery, the first operational
device harnessing PV effect was described on selenium by Charles Fritts in 1883.7 Almost
a century later, in 1953, a chance discovery by Gerald Pearson and Calvin Fuller showed
that doped silicon interacts with light in a similar fashion. Discovery was quickly
followed by a silicon-based SC (designed by Chaplin et al. 1954%) and the first silicon SC
for electricity generation outdoors in 1955.° The next 20 years saw spacecraft as the main
protagonist for PV application.” SCs’ full potential was established and its position
cemented when NASA launched a satellite using SCs to power its operation.'® The 1970s
oil crisis prompted a renewal of interest in the technology and, in conjunction with the
application of PVs in telecommunication systems, resulted in the device’s modern

concept in 1976.°
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Based on the technology used for their design and fabrication, SCs can be classified into
several types. Usually, a development stage is used to discern three generations of PV
technologies. The first generation is based on crystalline silicon, a well-established
technology with well-known characteristics and controllability, accounting for most
panels (94%) produced today. The efficiency of the first silicon SC was only about 6%?*
and has since increased to over 26% in a laboratory setting.!! Thin film structure defines
the second generation of SCs, usually formed by copper indium gallium selenide,
amorphous silicon or cadmium telluride. The film’s thickness can range from a couple of
nanometres to a few microns with the adjective ‘thin’ stemming from comparison to
crystalline silicon SCs. Second generation SCs are characterised by lower efficiency vs
crystalline silicon SCs; however, the use of small amounts of material in a thin film makes
them considerably cheaper. Both technologies have now been upscaled from a laboratory
to industrial level and are commercially available. Drawbacks of these technologies are
coupled with the use of high temperatures and/or a vacuum in the manufacturing process
(first generation cells) and the use of toxic and costly materials (second generation cells).
These disadvantages have instigated the development of the third generation PVs, which
promise to be lightweight, semi-transparent and compatible with the roll-to-roll

production methods.

The third generation SCs, ‘emerging’ PV technologies, is still in the research and
development phase and consists of organic PVs (OPVs), perovskite solar cells (PSCs),
dye sensitised (DSSC), copper zinc tin sulphide, quantum dots and SCs. The efficiency
vs time of different types of emerging PVs is shown in Figure 1-2, which shows an
overview of current development. December 2020 witnessed record efficiencies being
reported for OPVs of 18.2% and 25.5% for PSCs.!? Additionally, a remarkable feat of
surpassing the crystalline silicon single-junction cells was reported for perovskite/Si

tandem cells, with a 29.1% efficiency.'?
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Figure 1-2. Best research-cell efficiencies chart. Image removed due to copyright restriction. Available online from.'2
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Among third generation SCs, OPVs present a class of devices that use inexpensive
materials, such as polymers and small molecules, and also deliver high efficiencies. The
use of organic solvents to manufacture the developed materials could result in a low-cost
upscaling process. Recent research into OPVs has clarified underlying working principles,
presenting possible electrode materials that optimise the cell design. PSCs present an even
newer addition to the PVs with ever-increasing efficiency over the past decade, yet the

main focus remains on optimising the individual layers within the cell.

The most important part in any SC is how the interfacial layers play several roles in both
OPVs and PSCs. They, for example, provide a conductive contact between the metal and
semiconductor interfaces, charging collection at the electrodes and forming a chemical
and physical barrier between the electrodes and the photoactive materials. In OPVs,
optimising the interfacial layers is the key to altering device performance and is the focus
of current research. For the PSCs, defect level alteration at the interface and its effect on

device performance is under this study.

This thesis investigates the interfacial processes in OPVs and PSCs and addresses the
issues relevant to the interfaces to optimise the energy level and performance of such
devices. In particular, we attempt to understand how interface engineering can help

reduce energy losses in a SC, thereby enhancing its efficiency.

1.2 OPV-Based SCs: Background

Numerous advantages of OPVs, such as substrate interchangeability, ease of fabrication
and cheap large-scale production, are driving the interest for this type of PVs.!#!®
Versatility of chemical synthesis routes for modification of organic semiconductors is
what drives research in industry and academia.'®!” Additionally, OPVs are highly
flexible, readily recyclable, lightweight and the band gap can be tailored by careful

manipulation on the molecular level. Polymer-based OPVs present an ideal alternative to
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semiconductors based on inorganic materials in renewable energy production. Pochettino
was the first to observe photoconductivity in anthracene as early as 1906, followed later
by a report from Volmer in 1913.!® These reports prompted substantial effort to
understand and push the OPVs technology forward, as evidenced by a number of major

review papers. >4

1.2.1 History of OPVs

Work on photoconductivity of organic species has had a long research tradition, starting
at the beginning of the twentieth century by seminal papers on anthracene by Pochettino
and Volmer.?>?® Later, in the 1960s, dyes were widely available (e.g., pinacyanol,
methylene blue and phthalocyanines) and were shown to have semiconducting properties.
These findings prompted research on their PV properties, as they were ideal candidates
for this purpose. Organic charge transfer (CT) complexes and electrical conductivity in
organic polymers have been sporadically debated;?’*® however, the field of organic
semiconductors only truly developed after the discovery (by Alan J. Heeger, Alan
MacDiarmid and Hideki Shirakawa) of highly conductive polyacetylene film formed
upon exposure to halogens.?’ Their seminal work on the development of conductive
polymers saw them nominated for the Nobel Prize in Chemistry in 2000. Despite these
remarkable developments, OPVs demonstrated extremely low efficacies of less than 0.1%
in the 1980s.3° Breakthroughs developed in 1986, when Tang et al.3! put forward a bi-
layered device structure made from an electron donor and an acceptor, with the reported
efficiency of 1% being significantly higher than any of the previous reports. In Figure 1-
3, different schemes of OPVs are shown. Bulk heterojunction (BHJ) was the next major
innovation with the ‘active layer design’, an interwoven network of co-deposited electron
donor/acceptor materials. It was possible to produce these structures by sublimation®? and

spin coating method.*



Chapter 1: Background

A B C
Cathode Cathode

Top Electrode

ETL ETL
Acceptor
HTL Bottom device
Bottom electrode
Class | Class |

Figure 1-3. Typical structures of OPSs. (A) Bilayer system, (B) BHJ system and (C)
tandem system. Adapted from.*°

From that period, OPVs efficiency characteristics have improved tremendously to over
18%>* and above 17% for a tandem device in recent years.® These advances included
synthesis of new absorbing materials and device architecture optimisation, mainly

through the modification of the hole/electron transportation layers. Adapted from 3°.
1.2.2 Excitonic significance of OPVs and the concept of heterojunction

The value of the dielectric constant, &, is the key differing characteristic between organic
and inorganic semiconductors. Dielectric constant values for organic semiconductors lay
between 2 and 4, whereas for pure silicon & is 11.7,%® which translates to two charges
being intensely bound by Columbic forces when immersed in a medium (equation 1.1).

4192
4mEgE, 2

F(r)
(1.1)

Where q;and q, are magnitudes of the charges, o is the dielectric constant, & is the

permittivity of the medium and r is the distance between the charges.

Upon electronic-magnetic excitation, silicon forms a pair of free, opposite charges,
whereas these charges remain bound in organic material at room temperature. Electron-
hole pairs made in this way have binding energy within a 0.3—1 eV range,® significantly
greater than 0.025 eV at room temperature. A heterojunction model was effectively

31,33

applied in the OPV case to circumvent the respective problem, with two organic
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semiconductors with inherently differing energy levels providing the driving force for the

electron-hole pair separation.
1.2.3 OPV devices: their structures

It has been widely observed that bilayers and BHJ architecture are commonly used
designs for single-junction OPVs, despite many different device architectures having
been developed and investigated to date. A typical design consists of two electrodes, a
cathode and an anode, the active layer and two types of transport materials for the holes
and electrons. The most common substrates are glass or plastics. Usually, one of the
electrodes should be a transparent conductive oxide, such as ITO or FTO, and the second
electrode is usually a thermally evaporated metal (e.g., aluminium, gold or silver). The
position in which holes and electrons are collected determines whether the design is a
conventional device or an inverted device. Thus, if the holes enter the ITO side, we
designate the system as being ‘conventional’, while if holes enter the metal side, it is
called ‘inverted’. The earliest design of the active layer was known as the ‘bilayer’, as
shown in Figure 1-3A. In this case, the donor and acceptor were stacked on top of each
other, while the later BHJ concept® introduced the blend of two materials forming an
interwoven structure, as seen in Figure 1-3B. The later model offered a significant
increase of the donor/acceptor interface surface, resulting in more excitons being
successfully separated with sufficiently short pathways for free charge carriers to reach
their intended collecting electrode. The morphology of the active layer is essential, as it
must provide photogenerated excitons short path to the donor-acceptor junction
comparable to their mean diffusion path, which typically needs to be on the order of 10—
20 nm.?” Thus, one of the easiest methods of producing such layers is the evaporation of
the donor and the acceptor precursors, which, when evaporated concurrently, form the
desired intertwined morphology. However, the most practised method is deposition from
homogenous solution, where a single layer is formed by techniques such as spin coating,

inkjet printing, etc.
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A more physics-based approach to improving the performance of the device is in
combining numerous devices parallel or in series to boost the output current/voltage. The
typical tandem cell is shown in Figure 1-3C, where the active layers are separated by an
intermediate layer. In this system, the voltage is the sum of voltages from individual cells,

with the requirement for the currents of the two cells to be the same in magnitude.

This thesis focuses on the inverted architecture of BHJ devices.
1.2.4 The principle of operation of OPVs

The operating principle of a standard OPV consists of four main steps: charge extraction
at the electrode layer, photo-excitation and generation of exciton, carrier transport and
exciton dissociation and subsequent diffusion. Each of these concepts will be discussed
in further detail in the following paragraphs. The overall scheme of essential processes

during SC operation is shown in Figure 1-4.

(1) Exciton Generation (2) Exciton Diffusion
(3) Exciton Dissociation (4) Exciton Collection
I — —
— T
G ®

Figure 1-4. The working principle of the OPV. Adapted from.>®
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i.  Photo-excitation and generation of exciton

When an incident photon is absorbed by an organic semiconductor, the electron is
transferred to the lowest unoccupied molecular orbital (LUMO) from its initial state in
the highest occupied molecular orbital (HOMO), both levels being the characteristic of
the organic molecule. Process is analogous to the one in inorganic SCs, where the valence
band (VB) to the conduction band (CB) take the role of HOMO and LUMO. Distinction
lays in the formation of an exciton in organic materials instead of a free electron-hole pair
in the inorganic case. High absorption coefficient (around 10° cm™ ~1*%) is typical for
many organic materials. It is a unique property that makes the fabrication of effective,
ultra-thin (less than 1 micrometre thick) SCs possible, as enough light will be absorbed

even in these thin structures.
ii.  Exciton and subsequent diffusion

Following photo-excitation of the electron in the active organic material, dissociation of
the formed strongly bound excitons needs to happen. Otherwise, recombination will occur

and there will be no contribution to the photocurrent.

Exciton presents an electro-neutral entity and can diffuse through the material via
arbitrary thermal motion. The distance excitons can traverse before recombination has a

finite length and is known as diffusion length, described by equation 1.2.

| =Dt
(1.2)

Where D stands for the diffusion coefficient and t is the lifetime of the exciton. In organic

materials, the diffusion length is fairly short and tends to be in the nanometre range.>

Tang et al. were the first to demonstrate that by careful choice of organic materials, based
on the difference in energy levels, the separation of the electron-hole pair is achievable,

which was a prerequisite for efficient OPVs.>! Contact surface between the two active

10
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materials is known as heterojunction. The heterojunction concept and architecture have
dominated the progress of the OPVs ever since. Formed exciton, with its nanometre range
diffusion path, needs to arrive at the heterojunction for successful free charge carrier
formation and current generation. Conversely, the diffusion path of the free charge carrier

in silicon can reach even hundreds of microns.*#!

iii. Exciton dissociation

Figure 1-5 shows the energy levels of two materials (A and B) when placed in close
contact. When the photo-excitation event takes place in A, within a close proximity of the
A/B interface, exciton can diffuse to this junction. The spontaneous process occurs when
the LUMOa and LUMOg energy differences are less than the potential energy of the
exciton; thus, the electron is relocated from LUMOA4 energy level to LUMOg but the hole
remains in LUMOAa. The resulting charge separation forms the CT state, with A and B
designated as donor and acceptor materials. The CT event is instantaneous and happens

on the timescale of femtoseconds.*?

Donor Acceptor

LUMO 4, e

G LUMO g,

HOMO @

HOMO g,

Figure 1-5. Energy level alignment of donor-acceptor heterojunction. Adapted from.*®
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iv.  Charge transport (CT)

A common designation for dissociated exciton is a geminate pair. These pairs need a
conductive medium to reach their respective electrodes for collection: electrons gather at
the cathode and holes at the anode. The mechanism is hopping and following a gradient
in electric potential, which results in diffusion and drift. Diffusion and drift are two main
mechanisms of transference. As dissociation of excitons happens at the donor-acceptor
interface, charge carrier concentration becomes high in its vicinity. Newly formed
concentration gradient hinders hole and electron movement towards a heterojunction,
resulting in motion known as diffusion. Diffusion is predominant when the potential is
applied and strengths of the formed internal electric fields are balanced. The second
relevant mechanism is drift, which is caused by the gradient in potential and is mainly
determined by the choice of electrode materials. Every material has its own intrinsic work
function (WF). When two different materials are contacted, they form biased potential
(Vbi), positively affecting the open-circuit potential of the SC. Large internal electric

fields cause the charge carriers to drift towards the collecting electrodes.

CT is remarkably different in organic and inorganic materials. The periodic structure of
atoms in the crystal lattice and the covalent bonding between them in crystalline silicon
allow relatively easy movement of free carriers of the charges in the VB and CB in the
material. This is reflected in the high mobility of charge carriers in crystalline silicon:
0.1 m> V''s for electrons and ~4.5x102m? V! s'% for holes. The situation is
considerably different in semiconductors based on organic materials, where conjugated
n-bonds in molecules and van der Waal’s forces between molecules determine these
values. Additionally, these bond types provide certain advantages to organic materials,
such as flexibility and lightweight; however, the downside is a considerably different CT
mechanism due to the absences of long-range periodicity. The structure of organics is the
absence of bands, which results in comparably lower mobility in the range of 102-107°

m? V! s71 % Reaching comparable mobility of electrons and holes is significant in OPVs

12
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because uneven mobility may cause ‘space charge’ limited current.*> If the mobility of
one charge carrier is noticeably larger, that species will reach the electrode much faster
(i.e., in shorter time span). At the same time, the second type (i.e., the slower charge
carriers) will reach its respective electrode with some delay. Misbalance in these
processes causes accumulation of faster charge carriers and the generating of the ‘space
charge’ lowering the current of the device’s output. Therefore, both the mobility of the
charge carriers and maintaining the balance between them are crucial for optimal SCs

operation.
1.2.5 Energy level alignment at interfaces

This section will describe the CT at the surface (interface) formed by two layers of active
materials. First, the contact surface will be discussed, followed by interpretation of energy

values corresponding to energy bands.
1.2.5.1 Interfaces: chemistry and electronics

The interface is a thin layer at the contact point of two different materials, which may be
conductive or semiconductive. Significant research efforts have been undertaken to
understand the processes at the interface of different layers of polymer SCs, and it is these
investigations that reveal the underlying mechanisms of the device’s operation. Chemical
intermixing and phases forming the interface, in conjunction with their electrical
properties, determine the CT properties and, in turn, the series and shunt resistances (Rs

and Rgh) of the devices.

The intermixing structure defined by BHJ architecture raises the donor/acceptor contact
surface area and offers an accessible network route for exciton diffusion and dissociation,
which contribute to the short-circuit current density (Js).***’ However, experimental
results are limited about the interface energy level distribution in BHJ, despite their
importance for the efficiency of the device, since it is difficult to obtain reliable data at the
nanoscale, especially in the nanoscale—intermixing structure of a BHJ layer. It is possible

that the mixing of two organic semiconductors produces physical blends where
13
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HOMO/LUMO levels of each component remain unchanged or are only marginally
modified. Conversely, combining another set of organic semiconductors can considerably
shift HOMO/LUMO energies as a result of long-range Coulomb interactions*® or

intermolecular orbital hybridisation.*’

These shifts influence the differences between energy levels at the donor/acceptor
interface and the energy of the transport states (i.e., the mobility), which all results in the
change in the open-circuit voltage (Voc) of the device. Chemical incompatibility can
sometimes cause separation of one component at the electrode interface, which changes
local electric fields>® that may advance/hinder charge extraction. Therefore, developing
an understanding on how nanoscale intermixing affects donor/acceptor energy levels and,
consequently, the electronic structures of the BHJs are paramount. We will discuss in

Chapters 5, 6 and 7 the intermixing of donor-acceptor at the interfaces.

Alongside chemical distribution, understanding the electrical properties of the interface
is of considerable importance for understanding the CT and device efficiency, which has
been a focus of numerous research. Diverse arguments have been proposed over the years,
with researchers like Chen,! Li,*? Pietrick>® and Wang>* noting that the interfacial energy
arrangement can be explained by taking into account the vacuum levels (Evac) of each
component. The argument was sound in the case of WF not shifting with respect to Fermi
level (Ef) in both materials forming the junction, and could explain the behaviour of
inorganic devices, such as silicon-based homo-junctions. However, this model still could

not address the formation of electrostatic field at the interface.

Research by Seki® on the interface between metals and long-chain alkane organic
proposed a different model. As a result of energy difference between the Erof the metal
and alkane organic, the equilibration of Er occurred. This was then followed by electrons
transferred from the organic, with a low WF, to the metal, with a higher WF, which
created an electrostatic field at the interface. We have followed this approach, and it is

further described in Chapter 4.

14



Chapter 1: Background

The conclusion is that the CT across the organic interface happens as a result of Er
alignment between the semiconductor materials forming the interface. Ultraviolet (UV)
photoelectron spectroscopy (UPS)*® is a technique that can be used to measure the HOMO
(binding energy) relative to the Er. Energy level alignment at the organic interface has
been probed by other methods®’ such as capacitance-voltage and the Kelvin probe

measurement.
1.2.5.2 Energy band parameters

Et, ionisation energy (IE) and electron affinity (EA) belong to a set of properties that
describe the electric behaviour of a material. Underlying theory is postulated by
approximating the quantum state of a solid, which can then be used to derive the energies
by examining the quantum mechanical wave functions for charges in a periodic model of
atoms or molecules. The band theory is well suited to describe the properties of a material:
electrical conductivity, the optical absorption, the photoelectric and the

electroluminescent effects.’® It is also very useful in describing the CT at the interface.
L Vacuum level (Eyq)

Vacuum level is the energy level of a free electron, with no kinetic energy, located at a
sufficient distance so it experiences no binding force. Electrons can be explained as being
beyond reach or ‘infinitely’ distant from a surface. Other energy levels are usually defined

with respect to the vacuum level.
ii.  Fermi level

There are many definitions of Er, but in Fermi-Dirac statistics it is the highest occupied

energy level in a material at absolute zero.

Following the Pauli exclusion theory,” fermions (to which electrons belong) can only
occupy certain states. This level is the level with the lowest energy, which electrons are

able to occupy at absolute zero. Er plays a key role in the description of electrical and
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thermal properties of a solid-state material. Fermi-Dirac statistic estimates the probability

for an electron to occupy a given state and is given by the following function:*

1
(B) = Sa=spmr 1 1

(1.3)

E: point on the energy scale
Er: Fermi level on the energy scale

kT: a product of Boltzmann constant and the absolute temperature T (K)

iii.  Work function (WF)

WF represents the energy difference between Er and Evac in a solid material. By definition,
the WF is the minimum amount of energy needed by an electron to leave a solid surface
and reach a vacuum level outside the solid. In the case of contact between two
semiconductors, alignment of Er is expected because of the boundary condition (equal
population of occupied states), which is indeed the case, and we see a matching of Er at
the interface of two discrete materials. The WF can be measured directly from the cut-off

of secondary electron peak by UPS®! and Kelvin probe microscopy.®?
iv.  Conduction Band

The CB consists of low-lying vacant electronic energy states. Electrons that obtain the
necessary energy can overcome the gap between the VB and CB and populate the CB.
The structure of these orbitals and their energy allow for free electron movement that can
be used to conduct electric current. Abbreviation LUMO is frequently used in description
of organic solids and has similar properties to CB. In organic chemistry, molecular
orbitals are formed by a linear combination of atomic orbitals, which can be populated by
electrons along the molecular conjugated chain. This can be used to define EA as the

energy difference from the CB (or LUMO) to the Eyac.
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V. Valence band

The VB is defined as the highest energy orbital that electrons populate at absolute zero
and is located below the Erin a semiconductor. In organic materials, the energy associated

with HOMO has a similar meaning to VB.
vi. Band gap

The band gap (Eg) is of great importance in describing the behaviour of semiconductors
and insulators. It is defined as the difference in energy between the CB/LUMO and the
VB/HOMO. In semi-metals and metals, no band gap exists due to the overlap of VB/CB.
It is worth noting that no energy states are available within the band gap. Wide band gap
in a material signifies that a substantial amount of energy is needed to excite the electron
from VB to CB (HOMO to LUMO), with lower probability of free electrons populating
the conduction states.®> A larger value of the band gap is a good indicator of a low
conductivity material, and thus the R can be increased. However, the intrinsic current in

a PV device is reduced due to a lower chance of intrinsic recombination.®*

1.2.5.3 Interface electrical dipole: dipole formation

When two materials combine to establish the hypothetical model,>

provided in Figure 1-
6, one can observe general energy level rearrangement. The electron flow resulting from
Eradjustment originates from differences in the WF of materials A and B. In this case, an
interface dipole is formed due to the establishment of an electric field. Thus, the energy

band within a dipole moment are shifted due to its ability to extract charges.

17



Chapter 1: Background
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Figure 1-6. Different materials’ energy levels when aligned at the interface. Fermi level
is Fermi’s energy level.

If we consider the boundary surface between two materials, which consists of a number
of dipoles between molecules, then we can speak of an interface dipole. The vector sum
of the individual local dipoles is distributed at the phase boundary. Thus, the intermediate
dipole is formed from a sum of local dipoles, which are oriented parallel and directed

normal to the surface.

The estimated value of the dipole formed at the boundary between the metal and the
organic phase was reported in 1998 by Eisuki®> on the basis of dipoles that occur in
inorganic materials. In other words, the change in the WF of Ag that is being covered by
the layer of organics leads to the formation of a dipole. Cho et al. also studied the
TiOx/electrolyte interface in DSSC.% The interface layer was evaluated, the dipole

moment was analysed as a function of the WF difference, and the boundary layer was
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evaluated. The observed TiO2 CB shift is associated with a negative dipole moment
oriented towards TiO; based on the increase in the energy difference between CB of TiO»
and the redox state of the electrolyte. The Vo also increased. Khan et al. explored similar

results.®¢

A detailed characterisation of dipole between two organic layers—poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-

3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7) and [6,6]-Phenyl C71
butyric acid methyl ester (PC71BM)—was also reported.®’” The change in WF was
observed across different deposition thicknesses for PC7iBM/PTB7 arrangement based
on the UPS secondary electron cascade. HOMO obtained from the valence electron peak
was also demonstrated. Therefore, the dipole was calculated from the HOMO shift and
WF change concerning various deposition extents. In 2017, an investigation of the dipole
strength within interlayer AI/MEH-PPV was reported.’® Different characterisation
techniques were employed, such as X-ray photoelectron spectroscopy (XPS). Here, XPS
was used to measure layer growth of Al deposited on MEH-PPV, which is angled mask
controlled. It was reported that the WF derived from the KP increases by increasing the
thickness of the Al and consequently changing the strength of the dipole, corresponding

to the change of WF.

In 2020, bathophenanthroline (BPhen) showed a shift in the vacuum level of nearly
1.4 eV when incorporated in the electrode/BPhen interlayer interface. This shift was
attributed to a double interfacial step formed by the dipole that is responsible for the
evidenced shift, which, therefore, is used for the estimation of interfacial dipole and WF

change.®

The method of WF change for determining the dipole strength at the interface layer has

several issues, as discussed in more detail below.
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a) The formation of dipoles at the interface surface cannot be directly related to the
measured changes in the WF but can be an indication for their formation at such
interfaces.”’ The WF is a measure for the dipole at the surface of the samples and not for
the dipole formed at a buried interface. It could be argued that a dipole formed at a buried
interface should carry through to the surface; however, if the surface has a mixture of two
organic materials, as we did in our work in this thesis, it is difficult to predict which

component will then dominate the secondary electron cut-off.

b) Direct dipole measurement would need to take into consideration changing/stable
chemical composition. With that information, further deconvolution of signals can be
done, delivering quantitative dipole measurements. The formation of a dipole at a buried
interface will influence the electronic properties in the same way as an electronic bias.
The UPS data can only provide information concerning a reference and only a change can
be noted. However, the absolute values for XPS provide the information on which

interface is subject to a dipole (or electric bias).

The penetration depth of the UPS is considerably large when it approaches exact interface
thickness. Obtained valence electron spectra are a linear combination of the valence
states’! of materials making up an interface. By deconvolution of the spectra,
contributions from the individual components can be recognised and will be described
further in Chapter 2. Moreover, by combining the results from secondary electron spectra
and ion scattering energy loss spectra, a deeper insight into energy levels and chemistry

of the interfaces will be obtained.
1.2.5.4 Interface layer in the inverted structure

The inverted structure is shown in Figure 1-7. An active layer is placed between the
transparent indium tin oxide (ITO) electrode and the upper metal electrode, which can be,
for example, Al or Ag. However, the energy barrier for charge extraction can be created
by the energy level mismatch between the electrodes and the active layer. Additionally,

when there is no charge selectivity, the free charge carriers tend to recombine at the active
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layer/electrode interface.”” To overcome these problems, an interface layer is placed
between the active layer and the electrodes, either as electron transport layers (ETLs),
which assist in electron transport and holes block, or act as hole transport layers (HTLs),
which assist in holes transport and electrons trapping. This selectivity of the layers
enables the reduction of unfavourable charge recombination between the active layer and
the electrodes. Additionally, an ohmic contact can form between the active layer and the
electrodes by inserting ETLs and HTLs, which reduces the energy barrier for CT and

improves device efficiency and sustainability.

Vac‘tfum e
— 1w
> \/ -3.8 MoO,
- A
Anode § / 4.4 P3HT g
AL -
> -5.3 )
ETL & /\
ITO/ Glass —_— £ 6.1
h
-7.7

Figure 1-7. Inverted OPV device and associated energy levels.

The inverted sandwich structure is configured as ITO/ETL/active layer/HTL/Metal. For
the poly(3-hydroxythiophene) (P3HT):phenyl-C-butyric acid methyl ester (PCBM)
system, electrons travel from P3HT to PCBM, then are transported by zinc oxide (ZnO)
(ETL) and finally extracted by the ITO cathode, as shown in Figure 1-7. Holes in P3HT
domains are selectively transported by MoOx (HTL) to the top anode for charge
deposition. To reduce the energy barrier, solution-processed ZnO, TiO; and SnO; oxides
can be used as ETLs, to obtain structures with high electron selectivity.” On top of the
active layer, HTL, such as MoOx and VO3’ is deposited. As alternatives to these

materials, different organics, conjugated or non-conjugated polymers can be used. More
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details are discussed further below. The advantage of using the inverted structure is that
PEDOT: PSS on ITO can be prevented and replaced with a stable high WF metal as anode,
thus reducing its degradation. In terms of efficiency, there is almost no difference between
the conversion and the inverted device architectures, but if stability is considered, the

inverted architecture is a far better choice for future applications.”

Extensive research has been directed towards the design of the donor-acceptor structure
to optimise the energy levels and efficiency of the overall device. High-performance
OPVs have been investigated for higher power conversion efficiency (PCE) compared to
those based on fullerene acceptors. The non-fullerene acceptor (NFA), with an
acceptor/donor/acceptor structure, consists of a rigid indacenodithieno[3,2-b]thiophene
(IDTT) electron donor centre, with end groups of 2-(3-o0x0-2,3-dihydroinden-1-ylidene)
malononitrile (INCN). The broad and intense absorption of ITIC occurs in the 500—
800 nm region with a maximum of 702 nm. The absorption profile corresponds to the
push-pull structure of ITIC, which clear the way for intramolecular CT between IDTT
and INCN. The HOMO is estimated to be —5.48 eV, while the LUMO energy levels of
the ITIC films correspond to the value of —3.83 eV, so a narrow optical gap of 1.59 eV is
observed. Device optimisation results in a PCE of 6.58% when using an ITIC-based
design blended with PTB7-Th donor polymer, thus device energy levels, optical and
electrical properties can be compared with a fullerene-based device with a PCE of

7.29%.7

Zhao et al. reported a system comprising poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1',3"-di-2-thienyl-5',7"-bis(2-ethylhexyl)

benzo[1',2'-c:4",5'-c"|dithiophene-4,8-dione))] (PBDB-T): ITIC is designed to give a PCE
of 10.68%, since such architecture allows broad absorption and well-matched energy

levels of the given PBDB-T: ITIC mixture.”’

A new NFA was further developed by replacing the phenyl side chains with thienyl side
chains in ITIC-Th. Lower values of LUMO and HOMO, —3.93 eV and —5.66 €V, can be
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obtained in comparison with the ITIC values. This corresponds to good suitability of the
PTB7-Th narrow-bandgap donor with band gap of 1.58 eV and the PDBT-T1 wide-
bandgap donor with optimal band gap of 1.85 eV, which produces PCEs of 8.5% and

9.3%, in that order.”’
i.  Inorganic interface layer

The ETL, or cathode interface layer (CIL), enables sufficient mobility of electrons and
their transfer across the layer since it acquires higher electrons than acceptor affinity.”®
To reduce charge recombination and interface defects, it is preferable to use ETL between
the cathode and the active layer. The choice of ETL material should enable better
compatibility with the active layer and the electrode, thus representing a phase boundary
that facilitates electron extraction and improves light absorption.” SCs that include ETL

are far more stable and long-lasting than those that do not.

Various TiOx,* caesium carbonate (Cs2CO3)®! and lithium fluoride (LiF)*? materials have
been investigated as highly efficient hole-blocking layers on ITO that permit electronic
charge separation. However, due to its exceptional CT characteristic and suitable band
gap, the most commonly used ETL material is ZnO.®* The long-term stability of ZnO has
placed it at the forefront of materials for these purposes, especially since it can be obtained
through a low-temperature spin coating procedure. Further processing of the resulting
film, which can increase crystallinity and thus enhance the device parameters, is an
annealing procedure. For these reasons, ZnO is widely applied as a CBL in various donor-

acceptor systems due to its ease of processing and stability.*

A liquid phase ZnO processing can introduce surface defects into the material and
produce a charge recombination barrier. Passivation of the ZnO surface may be a way to
overcome these issues. Defect reduction was proposed by Pandi et al.,3° where reduced
graphene oxide (rGO) sheets were employed to improve CT. Jiang et al. also investigated

triethanolamine passivated ZnO film, which has lower trap density, improved
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recombination time and higher electron mobility, affecting the comprehensive device

performance.

In the tandem cell, when an 80 nm active layer of PBDTS-TDZ: ITIC is applied in the
front and 125 nm PTB7-Th: O6T4F:PC71BM in the back cell, the OPV efficiency reaches
a value of 18%, while ZnO was used as CIL.® Also, two terminal tandem cells were
optimised using ZnO/p-type quaternary amine based on fluorene (PFN)-Br as CBL and a
high PCE of 17.36% was achieved. There are other OPV devices in which ZnO or its

composites were used as CBL as well (e.g., ZnO: PFN-Br®’).
ii.  Organic interface layer

Various organic materials and non-conjugated/conjugated polymers can be tested as
CILs. Special classes of compounds with numerous favourable properties in OPVs are
polymers, fullerenes and their derivatives.®®%° Considering the contact made between the
intermediate layer and the photoactive layer, one must take into account the reactions at
the phase boundary and the stability of these two layers that can affect the stability and
lifetime of the device itself. For this reason, good contact between the two layers is
necessary because the accumulation of charge at the interface must be avoided. In this
case, in PV devices, the stimulation of photoelectric conversion can be ensured; therefore,

the research on polymer CIL has been provided special attention.

Non-conducting polymers with functionalities on side chain amino groups, such as
poly(4-vinylpyridine) and polyethyleneimine (PEI), can modify ITO WF.?*! Control of
the layer thickness must be performed, since these polymers have no intrinsic
conductivity and thus behave as insulators at any thickness greater than the tunnelling
threshold. Comparatively, the advantage of synthesising such materials in bulk is that
solution-processed polymers can be fabricated using green solvents and are cheaper
polymers compared to semiconducting polymers. One of the first semiconducting

polymers used in OPVs was the PFN.”? The search for polymers as ETL proceeded with
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conjugated polymers where the tertiary replaced the quaternary amine, with Br serving as
a counter ion.” It was found that the photo-response of such a material containing a
tertiary amine increases in the presence of light, while a quaternary amine gives a constant
high-level conductivity. The explanation for this behaviour can be found in the doping
mechanism that allows the tertiary amine to undergo a photo-response while the

quaternary amine is constantly doped.**

Materials that contain an n-oxide side group and have good solubility in water and alcohol
can also be used in SCs. Such materials have a lone electron pair available for WF
alternations and have been investigated in a perovskite-based PSC. Zwitterions NDIO
and PDINO”7 were tested along with other organic interlayers that contribute to the

high efficiency of the device, such as PFS,”® NDI,” PFN’! and NDI-N.*

The focus of this thesis is on a class of naphthalene diimide (NDI)-based materials. NDI
is intended to be used as a core polymer for SCs and will be used in this thesis as polymer
CIL to address its effects on the energy level (Chapter 5). Additionally, spin-coated ZnO

will be employed as an inorganic CIL for comparison (Chapter 6).

1.3 Perovskite-Based SC: Background

1.3.1 Crystal structures of perovskite

Photon absorption in the PSC is dependent on the perovskite structured material and thus
crucially effects the efficiency of the device. Russian crystallographer (Lev Perovskite)!'®
is credited in the name of the family of compounds after establishing its structure in the
mineral calcium titanate (CaTiO3). In the structures of the ABX3 chemical formula, A and
B are considered as cations and X is the anion. Figure 1-8 shows the idealised cubic

structure for a perovskite material, in which eight ‘A’ cations (blue) are positioned at the

corners of the cube, one ‘B’ cation (black) occupies the cube’s centre, and six ‘X’ anions
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(yellow) are placed in the middle of each of cube’s sides. Various reports suggest that

anions are loosely bound and can move easily throughout the perovskite structure.!®!

102

Figure 1-8. The cubic crystal structure of ideal perovskite.

Initial findings of CaTiOs3 led to the discovery that many inorganic metal oxides adopt
from perovskite structures (e.g., BiFeOs3, SrTiO3, BaTiOs and NaTiOs3). A commonly
studied perovskite is methylammonium lead iodide (CH3NH3Pbl3), which is known as an
organic-inorganic hybrid. The organic CH3NH3" cation takes up the role of the ‘A’ cation,

while the inorganic Pb?* cation takes up the role of the ‘B’ cation.

By varying atoms and groups, in positions A, B and X of the perovskite cubic structure,
the band arrangement of the perovskite crystal can be fine-tuned. The band gap (~1.5—
1.6 eV) found in CH3NH3PDbI; is near the ideal/desired value. Adjustment of the band gap
to the optimum value of 1.4 eV can be achieved by replacing the methylammonium by
formamidinium (FA) to form FAPbI;. This expands the range of wavelength that can be
efficiently absorbed by the material and considerably increasing the Js.!®® Larger
ethylammonium (CH3CH>NH») was used in the A site (see again Figure 1-8), which raises
the band gap to around 2.2 eV.!® Further, replacing organic functional groups with
inorganic cation forms a completely inorganic perovskite with similar E, energies (e.g.,

CsPbl; =1.73 eV).!% Based on extensive results, formation criteria can be proposed for
26



Chapter 1: Background

the ABX3 structure for fine-tuning the band gap by changing the A site group. A
Goldschmidt tolerance factor is used to estimate the likelihood and stability of the

formation of a perovskite crystal, as shown in equation 1.4:

Ta+ rx

t=——=
\/2_(r8+rx)

(1.4)

With ra, 18 and rx signifying the radii of the species in A, B and X. For a stable perovskite
structure, the Goldschmidt tolerance factor should vary between 0.8 and 1.0, as listed in
Table 1-1. Below are the conditions, with respect to radii of cation in A site (1.6-2.5 A),!%

needed for successful preparation of Pb**-based perovskite in B site, for various halogens.

Table 1-1
Range of Radii for Cation in A Position in APbX3 Structure

B rX rA fort=0.8 rA fort=1.0
Pb2+ (1.19 A) Cl-(rCl=1.81A) 1.58 A 243 A
Pb2+ (1.19 A) Br— (rBr=1.96 A) 1.60 A 2.50A
Pb2+ (1.19A)  1-(r1=2.20A) 1.64 A 2.59A

Note. Obtained from Park.!%

The most studied is CH3;NH3Pbls, with methylammonium radii of 1.8 A. That gives 0.83
for the tolerance factor, indicating a somewhat distorted cubic structure is likely. Various
reports show that CH3NH3Pbl; is formed in tetragonal structure at ambient conditions

with phase transformation to cubic at 54 °C.

Perovskites seem almost ideal for SC applications. Materials themselves are

107,108 109,110
t,

effecien with tuneable Eg, sufficient exciton diffusion path,''!'? Jow exciton
binding energy'!® and high charge carrier mobilities.!'* From the upscaling perspective,
preparing them from solution makes them cheap and simple. Roll-to-roll coating
techniques have also been tried and tested and appear suitable for PSCs manufacturing.
For example, it is also possible to make tandem SCs with silicon by adding a coating
step.!'!®
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1.3.2 An overview of PSCs

As previously stated, the perovskite type of materials was discovered over a century ago.
From the initial discovery in 1839, much work has been devoted to the study of their
properties, especially to the oxide perovskites. Since the middle of the last century (1950s),
perovskites have been applied in various applications, which includes their use in
condensers, electrochemical transducers, multilayer capacitors, catalysts, etc. Still, it is
only recently that organic-inorganic mixed perovskites have been used in thin-film SCs.
Initial design of the Gretzel DSSC serves as the basis for modern dye-sensitised PSCs.
Three critical components make up the DSSC: mesoporous TiO, light-absorbing dye

attached to the TiO; and the redox-active electrolyte.

The first stage in their improvement was to replace the liquid electrolytes with solid-state
compounds with equal or similar properties. At the same time, thin and flexible materials
were being developed that could replace organic dyes for absorption of light over a wider
range of wavelengths. For that purpose, Miyasaka et al. developed CH3NH3Pbl; and
CH3NH3PbBr; as light-absorbing substances in liquid electrolytes and solid-state. Their
first report on the sensitised perovskite SC was published in 2009, which reported a
remarkable 3.8% efficiency,'!® but with stability of only a couple of minutes due to the

use of liquid electrolytes.

The next step was executed by Park et al. in 2011, who reached 6.5% efficiency by
increasing the amount of perovskite in the cell design.!!” However, they faced the same
problem: perovskite decomposition in the liquid electrolyte. In 2012, Snaith Group
provided replacement of the liquid electrolyte with a recently developed solid-state hole
conductor: 2,2',7,7'-tetrakis (N, N-di-p-methoxyphenylamino)-9,9’-spirobifluorene
(spiro-OMeTAD). By using perovskite, in combination with spiro-OMeTAD, stability

18 which was a

was significantly improved with obtained efficiencies reaching 10%,
noteworthy breakthrough as it improved the efficiency of solid-state DSSCs by almost

7%.119
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The next development came with the use of non-conducting mesoporous Al,O3 instead
of mesoporous TiO», resulting in cells providing 200-300 mV larger V.. and efficiencies
of over 10%.'° This was the pinnacle in PSCs development as it established that
perovskites could serve as both electron and hole conductors, which subsequently opened

the door for the use of thin-film planar architecture in PSCs.!?!

After these discoveries, interest in PSCs increased considerably, seen through a firm rise
in the number of publications with a special focus on new fabrication processes and
techniques, which enhanced both efficiencies and stability of PSCs. For instance, Liu et
al. used vapour deposition technique'?? and achieved around 15% efficiency in a planar
PSC. In 2014, anti-solvent technique was employed where rate of perovskite
crystallisation was carefully tuned by use of dimethyl sulfoxide solvent to produce thin
films of high quality.'?*~'2° Since its publication, many researchers have started using this

3,126 whereby

technique. Other techniques were developed by Burschka et al. in 201
deposition is conducted in two subsequent steps. The first step is to deposit Pbl> on the
surface of porous TiO; while the conversion to perovskite is done in the second step,
exposing the surface to methylammonium iodide. As with the anti-solvent technique, a
two-step procedure enhanced perovskite layer quality to a respectable 15% cell
efficiency.'?® Additionally, a well-known doctor-blade technique was employed in PSCs

1 127

by Deng et al.”~’ with a reported 18.3% efficiency.

The race for the highest PCE has since started. Bi et al. make use of poly(methyl
methacrylate) to guide perovskite crystal nucleation and growth!?® and obtained a PCE of
21.02%. Simultaneously, scientists from KRICT and UNIST developed a single-junction
PSC with 22.1% PCE.’ This result was outdone in 2018 by researchers at the CAS, who
published a PSC with a certified 23.3% PCE.> The latest entry is from June 2020, with
NERL’ announcing PSC with a PCE of 25.2%. PSCs are now on par with well-established
PV devices like those using cadmium telluride and copper indium gallium selenide.

Additionally, both researchers and industries are now moving towards using perovskite
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in tandem devices. Consequently, in 2020 a new efficiency maximum, with a PCE of
29.15%, for a perovskite-silicon tandem SC'?’ was reported, outclassing even the single-
junction cells.® Perovskites are now finding their way into other similar applications that
include building-integrated PVs, LED, lasers, photo-catalysts and photodetectors, among

others.
1.3.3 PSC devices: their structures

The architecture of a PSC device predominantly dictates overall performance and
indirectly affects which electrode materials will be used, their mutual compatibility and
their method of preparation. The main architectures of PSCs distinguish between
mesoscopic and planar. The mesoscopic design was employed first, and in this
arrangement, oxide framework is covered by a layer of perovskite material with two

possible routes:

1. Oxide framework is covered by a thin film of perovskite with the film penetrating

every pore, as shown in Figure 1-9A.

2. Oxide framework is fully filled and covered by perovskite layer, as shown in

Figure 1-9B.
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Figure 1-9. PSCs structures. (A) Mesoscopic PSCs and oxide framework covered by a
thin layer. (B) Mesoscopic PSCs and oxide framework covered by a layer on the top.
Planar PSCs structure: (C) the n—i—p architecture and (D) the p—i—n architecture. Adapted
from. !>

The critical breakthrough in PSCs development was the elucidation of perovskites
ambipolar nature, which opened the door for effective application of the planar
architecture. Several advantages of planar compared to mesoporous architecture include
1) preparation at relatively low temperatures (<150 °C), 2) use of flexible substrates, 3)

possibility of incorporation in tandem SC, 4) multitude of deposition processes and 5)

ease of preparation.

Planar PSC circumvents the use of underlying oxide framework, which is substituted with
a thin layer of electron- or hole-conducting material. Similar to the case in OPVs, in planar
architecture, we distinguish between ‘conventional’ or ‘inverted’, depending on the
direction of the current flow. PSCs assembled in a ‘conventional’ mode collect electrons
at the respective transparent electrode (‘n—i—p’ system), whereas in the ‘inverted” mode
electrons are captured at the metal (‘p—i—n’ system). Both are illustrated in Figures 1-9C
and 1-9D. The experiments carried out in this thesis use a planar architecture arranged in

a ‘p—i-n’ structure. Jeng et al. were the first to employ ‘inverted’ configuration in 2013,'3°
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which was later shown to offer lower preparation temperatures and, more importantly,

only a slight hysteresis when compared to the ‘conventional’ architecture.'’!
1.3.4 Interfacial engineering in PSC

The structure of the PSC is made up of several layers with a distinct interface. Each layer
has its own characteristics. The interface properties are particularly important since
charge carriers (electrons or holes) can pass from the perovskite layer to be collected at
the perspective CT layer (CTL). To control these properties, when the interface is

engineered, it is typically done by employing four main methods.

The first method deals with the passivation of defects, which, when formed at the
CTL/perovskite interface, reduce the efficiency and stability of the PSC. Interface
defects/traps mainly consist of oxygen or halide vacancies and low-coordinated metal
atoms'*? with energy states that assist recombination at the interface. Sherkar et al.’s'¥
simulations showed that defect/trap-assisted recombination can be sidestepped by

passivation of defects/traps at the transport layer/perovskite interface in PSC, with an

associated 40% rise in PCE versus the non-passivated device.!

The second method of interfacial engineering is through energy level shifting and aligning
the energies between the transport and perovskite layer.!** The aim is to create easier
extraction and CT as a barrier height at the interface that exceeds 0.1 eV and prevents
carrier extraction. This high barrier energy causes the accumulation of charge carriers,

which results in undesirable recombination processes.

The third method involves increasing the perovskite film quality. Poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine (PTAA) causes punctures of the perovskite film
during its preparation due to the difference in wettability.'** However, using a buffer layer
is one way to improve the wettability of the CTL, leading to an even more compact
perovskite film with reduced defect formation. Further, controlling the perovskite’s and

substrate’s thermal expansion coefficients by proper interface engineering can alleviate
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the lattice strain caused by the mismatch in atomic positions and orientations between

layers.!3®

The fourth method involves lowering the UV-degradation potential of the perovskite film.
As itisused in SC energy generation, the PSC is exposed to long periods of UV-exposure
from the sun. The engineering of UV-resistant PSC layers is a significant step towards
the SC’s efficiency longevity. Lately, self-assembled monolayers (SAMs) have started to

be commonly used for this purpose and will be described below.
1.3.4.1 SAM layer

SAMs are self-constructing monolayers usually of a particular molecule that create a
specific functional group surface. The layer is formed/attached to the substrate either by
utilising physical or chemical bonds. The molecular structure of SAMs can be tailored by
manipulating the surface functional groups to achieve a higher affinity towards the
subsequent layer. Additionally, further modification of layer alignment and

intermolecular interactions can be easily accomplished to increase the charge mobility.!3

The surface of the CTLs in PSC is covered mainly by hydroxyl groups. These hydroxyl
groups readily interact with carboxyl, sulfonic, phosphonic or silane groups to build up
the SAM molecule and form a dipole moment inside the contact volume. The newly
formed structures can affect charge collection as formed dipoles influence the energy

level of both layers.

Singh et al. used para-substituted phenylphosphonic acid SAMs to engineer the NiOx
(HTL)/perovskite interface.'*” Phenylphosphonic acid (PPA), 4-cyanophenylphosphonic
acid (CNPPA) and 4-methoxyphenylphosphonic acid (MPPA) were assessed as possibly
active SAM materials. Their results showed that the use of PPA decreased the WF slightly
while MPPA decreased it further due to the methoxy group’s distinct electron-donating
characteristics. A reference device with no SAM layer exhibited a PCE of 17.02%, while

PSC modified with PPA and MPPA displayed lower PCE, 15.35% and 12.08%,
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indicating unfavourable energy band alignment. On the other hand, CNPPA, used as a
SAM, improved the PCE to 18.45%, with concurrent increase in Vo and Js via

advantageous level shifting via favourable dipole direction.

SAMs are able to influence the energy level alignment on both CTL/perovskite and
ITO/CTL interfaces. Arkan et al. proposed a novel SAM based on carboxylic acid
anchoring groups, specifically intended for ITO, due to its self-organisation on oxide
surfaces via chemical adsorption.!*® Lower delocalisation energy of thiophene, compared
to benzene, prompted its use as a spacer group as it leads to a pronounced bonding effect.
Bare-ITO surface WF (4.62 eV) was amplified (4.80 eV) to better align with PEDOT:
PSS’s (5.3 eV), which served as HTL, achieving more favourable energy level alignment.
Moreover, the photo carrier gathering efficiency was improved by the introduction of the
interfacial layer whose WF was aligned close to that of innate ITO, resulting in PCE
improvement from 9.57% to 13.71%. Additionally, SAMs promote the formation of large
grain-sized perovskite films by passivating the halide vacancy and crystal defects, which
leads to improved efficiency and stability of PSCs. The conclusion is based on a study
comparing the grain sizes of perovskite films dependent on the dip coating time in 3
mercaptopropyltrimethoxysilane (MPTMS) on a SnO; film.!* It is the sulthydryl group
in the MPTMS structure that coordinates the Pbl,, consequently reducing crystal growth

and increasing the crystallite size.

Moreover, CTLs with an added SAM layer remain transparent, display negligible optical
losses and raise the Js..'* HTLs and ETLs commonly used in p—i-n and n—i—p PSCs
(NiOx, PTAA, SnO> and Ti0) have strong absorption in the blue region of the spectrum
and thus decrease the Js. of PSCs. Contrarily, a MeO-2PACz ((2-(3,6-dimethoxy-9H-
carbazol-9-yl)ethyl) phosphonic acid) SAM acts as HTL, increasing the Jsc of p—i—n

structure by ~0.8 mA ¢cm 2 when compared to the more common PTAA. !

Additionally, SAM molecules offer almost full surface coverage of a metal-oxide, as a

monolayer, with effective binding to the surface with a defect passivating effect. For
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example, PCBA ([6,6]-phenyl-C61-butyric acid) fullerene SAM!*? was successful in
mitigating SnO> ETL surface defects, delivering enhanced device performance and
reproducibility. C60-SAM (4-(1',5'-dihydro-1'-methyl-2'H-[5,6]fullereno-C60-Ih-[1,9-

c]pyrrol-2'-yl) benzoic acid) was also successfully used'*?

in creating an electron-
selective contact for the fabrication of n—i—p PSCs via modification and passivation of
the ITO surface. Beside fullerene-based SAMs, other SAMs, including 4-chlorobenzoic

5

acid,'** dopamine'* and 3,4,5-trimethoxybenzoic acid,'*® were probed as passivating

agents for metal-oxide ETLs.

The modification of electronic properties at the surface of a TCO is also possible with
hole-selective SAMs. The surface of the ITO electrode was modified with 2PACz
SAM, ! which, in addition to passivating the surface defects of ITO, provided a hole-
selective ITO-SAM interface. The result was an efficient hole transfer incoming from the
perovskite layer, with SAMs surface dipole repelling electrons from the interface, which

lowers the charge recombination rate near the interface.

This thesis deals with the use of a SAM as an interface passivation layer for hole transport,

described in Chapter 8.

1.4 The Differences between OPV and PSC in Terms of

their Working Principle

The underlying mechanism responsible for energy conversion in a PV device is charge
separation after photon absorption and followed by CT to the electrodes where it is
collected. OPVs and PSCs, however, differ considerably in their principles’ processes,
primarily due to the inherent physical properties of their photoactive materials (hybrid
organic-inorganic perovskite versus organic semiconductor). The major difference
between perovskite materials and organic semiconductors comes from the relatively low

exciton binding energy of perovskites (relative to organic semiconductors), which is
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around a few milli-electron volts, as illustrated in Table 1-2. Therefore, the absorption of

a photon in PSCs almost always causes the formation of free charge carriers, as shown in

Figure 1-10, which differs significantly from OPVs’ working principle.'*’ Generation of

charge carries in one step is the key advantageous characteristic of PSCs, over OPVs,

where a significant amount of energy is lost due to exciton dissociation.

Table 1-2
The Parameters of Active Layers in PSCs and OPVs

OPVs PSCS
Parameter References References
(P3HT/PCsBM) (CH3NH;3Pbl3)

Bandgap 1.8eV 148 1.55eV 149
Exciton binding ~0.3-0.5¢eV 148 <0.05eV 14
energy

Electron ~2x103 cm?V-'S™! 150 2-10 cm?V'S™! 114
mobility

Hole mobility 104 cm?V-!S™! 150 5-12 cm?V-IS™! 14
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Figure 1-10. Energy level and working principle of PSC. 1) Photon absorption and
generation of free charge carriers, 2) transport of free charge carriers and 3) collection of
free charge carriers at particular electrodes. Adapted from.'>

The production of free carriers is efficiently separated through the transport of holes into
the HTL and electrons into the ETL. Thus, the electrons formed close to the HTL need to
move over the thickness of the absorbent layer to reach the ETL and vice versa in the case
of holes, which may increase the possibility of recombination. Yet, reports suggest that
absorbers film in PSCs have limited recombination due to a large photo-induced dielectric
constant, making electrostatic interaction among generated charge carriers insignificant,
which is not the case for OPVs.!! Perovskites, therefore, inherently provide ambipolar
CT, with large diffusion lengths (over 1 micrometre) for both carriers. This was confirmed
by measuring injection times for both electrons and holes, which appear to happen on a

comparable timescale.!?
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Chapter 2: Research Aim and
Contribution

The valance electron structure of interfaces significantly affects the efficiency of SCs;
thus, these interfaces were studied in this thesis on two types of SCs: OPVs and PSCs.
The main goal of the thesis is to examine the chemical and electronic properties of the
interfacial layers and their significance to the performance of the OPVs and PSCs. The
organic interfaces in OPVs and the SAM layer in PSCs have been previously studied. The
chemical and electronic properties for these interfaces, however, have yet to be
thoroughly studied. Various active materials have been chosen in this thesis that can
provide a comprehensive understanding of the OPV and PSC devices’ performance. The
presented studies consisted of a systematic analysis of the electronic structure of the

interfaces using photoelectron spectroscopy (PES) and ion scattering spectroscopy.

In terms of the OPV devices, a new potential of organic CIL layers was used with a range
of active materials as replacement of inorganic interface layer due to its advantages; for
example, they are flexible and easily fabricated, and can potentially be cheaper to design
than their inorganic interfaces. These systems consisted of a buried layer of organic CIL
in an inverted structure. Then, different thin layers of active materials will be deposited
on top by using a spin coater to enable the energy levels at the interface, which will be
studied. Understanding the energy level between the interface layer and active layer is
crucial to improving device performance. Thus, adding an interface layer between the
active layer and the electrode will help to align the energy levels between the individual
layers. This could be achieved by determining the electronic structures of the interface
layer integrated into the overall structure and to what extent that can influence the
performance of the PC cell. The dipole formation at the interface and its effect on charge
mobility was also investigated. Further, the valence electron spectra, obtained via UPS,

was studied in detail by applying a deconvolution algorithm. The study can help to find
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evidence of energy shifts in the active layer, which can provide a proof for the formation

of dipole at the interface.

In this thesis, the structure of the energy levels at the interfaces is investigated to describe
the probable mechanism of CT. Additionally, the degree of intermixing layers at the
interface was investigated, which plays a critical role in identifying the interface between
two layers. This was achieved by utilising the depth profiling method—neutral impact
collision ion scattering spectroscopy (NICISS). The distribution of the components of
active layers also influences the SC performance; thus, further studies were conducted in
this thesis that studied the modification of the BHJ layer, with a focus on the outermost

layer and subsurface area of the film.

Considering the PSCs, the most challenging issue in the PSCs faced in recent years was
the defects and their detrimental effect on the absorption of energy and on storage devices
overall. The concentration of the defect in polycrystalline films mainly comes from
surface defects. Numerous studies confirmed the increase in the number of surface defects
(trap), resulting in charge recombination, which hampers the development of PSCs. In
this thesis, the interest is not on the characterisation of the layers in one particular PSC
but is geared towards understanding the defect level at the HTL/perovskite interface and

how that could affect the energy level structure.

The main contributions presented in this thesis regarding OPVs and PSC are described

below.

2.1 Organic Cathode Interfaces in Invert OPVs

a) Investigation of the electronic properties and the dipole formation in organic CILs
and active materials. CILs can function to block the holes from the donor layer and could
form a dipole at the interface layers, subsequently influencing the CT over the interface.
Two new organic CILs were investigated with active materials to study their viability in
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blocking the hole and transferring the electrons to the respective electrode. In Chapter 4,
the P(NDI3N-T-Br) organic cathode interface was investigated in combination with
different thicknesses of a conventional active layer of (TQ1: N2200). The interfaces
formed by TQI and N2200 with P(NDI3N-T-Br) were investigated separately to
investigate the fundamental properties and the CT over the interface of the (TQI:
N2200)/P(NDI3N-T-Br) system, as shown in Figure 2-1. The degree of intermixing at the

interface was also examined.

Figure 2-1. Schematic of an inverted device structure of OPV using P(NDI3N-T-Br) as
organic CIL with active layers of TQ1 and N2200.

Another organic CIL was used with other active layers to further investigate the impact
on CT and device performance. In Chapter 5, the organic CIL P(NDI3N-F8-Br) was
studied with the non-fullerene system (NF) of PTB7-Th: ITIC on P(NDI3N-F8-Br), as
shown in Figure 2-2. The chemical and electronic properties of different thicknesses of
active layers on P(NDI3N-F8-Br) interfaces were studied to understand their effect on the
CT.

The possible differences in energy level distribution between the organic and inorganic

CIL are investigated in Chapter 6 as a control device.
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Active layer
Cathode interface [ _ PTB7-Th/ITIC

- \ P(NDI3N-F8-Br)

Figure 2-2. Schematic of an inverted device structure of OPV using P(NDI3N-F8-Br) as
organic CIL with active layers of PTB7-Th and ITIC.

b) Investigation of the energy level of inorganic CIL and active materials. To achieve a
better understanding of energy level, the interface of the NF system of (PTB7-Th: ITIC)
was studied on the common inorganic cathode interface material ZnO, as shown in Figure
2-3. The energy level of the NF system of PTB7-Th: ITIC with ZnO has not previously
been investigated. Thus, Chapter 6 reports the investigation of the energy level alignment
of ZnO with different layers of PTB7-Th and ITIC interfaces on top. The positions of the
electronic structures of ZnO were determined and integrated into the overall structure of
the active layers. This acted as a control device and was then compared with another

organic interface layer presented in Chapter 5.

Active layer
Cathode interface

PTB7-Th/ITIC
ITO \ Zno

Figure 2-3. Schematic of an inverted device structure of OPV using ZnO as inorganic
CIL with active layers of PTB7-Th and ITIC.

¢) The influence of the additive on the distribution of the components in the BHJ. The
structure of the energy levels across the interface is not the only indicator of overall device
performance. The distribution of different molecular species throughout the film also
affects the interface properties to a certain degree. However, investigation with a
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measured spectrum of the components’ distribution at the interface’s surface has not
previously been reported. Chapter 7 presented an understanding of the addition’s effect
on p-anisaldehyde (AA) additive on the BHJ components of the PTB7-TH: ITIC at the
outermost and subsurface area (see Figure 2-4). Information on molecular distribution is
crucial, as it provides information on how to modify the structure of the BHJ layer, which
enables us to optimise both electrodes/polymer interfaces and improve the efficiency of
the polymer-based OPVs. In the inverted structure, the electrode with the larger WF
requires a significant amount of the electron donors. With the energy levels of the donor
(PTB7-Th) and MoOx being close, the enrichment of the interface layer with donor
species is advantageous for enabling the CT to MoOx. NICISS depth profiling technique
was used to determine the concentration depth profile at the interface, with a depth
resolution of a few angstroms. Additionally, we investigated the contribution of the
additive (AA) to the morphology and, more importantly, to the elemental composition at

the surface.

PTB7-Th (Donor)
== TIC (Acceptor)

W <tH) WY Sy S additive e
R, R [

Figure 2-4. Schematic of an inverted device structure of OPV using an additive to modify
the donor and acceptor in BHJ.

2.2 SAM in Invert PSCs

a) The influence of a SAM layer on the surface passivation of sputtered NiOx in PSCs.
In recent PSC cell research, NiOx has been used as a promising, economical hole transport
material (HTM) and as a replacement for poly (triaryl amine) (PTAA).! Still, its low

intrinsic conductivity (~ 10 S/cm) and the existence of many surfaces’ defect sites,
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especially pin holes and island formations, are still not completely explored or understood.
Moreover, an unfavourable energy gap between the Er and the VB could potentially
induce a large energy level offset at the interface between NiOx and perovskite. Poor
morphology of the material, which is common and severe in solution-processed thin films,
also presents a challenge. In planar p—i—n architecture, the properties of HTM, as the
under layer, can have a profound effect on the quality of the subsequently formed
perovskite layer. To resolve the issue, a SAM layer was deposited on top of the NiOx film
to mitigate the defects at the interface, as shown in Figure 2-5. Chapter 8 will discuss the
effects the SAM has on the defect passivation performance, its morphology and how it

impacts overall device performance.

MeO-2PACz
sp-NiOx

ITO

Figure 2-5. Schematic of an inverted device structure of PSC using SAM to passivate the
surface of NiOx.
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Chapter 3: Methodology and Sample
Preparation

3.1 Introduction

PES is a technique that imparts detailed analysis of the surface bombardment using X-
rays or UV light for electron emission excitation. It quantifies the relative energies of
electrons in atoms and molecules and is used to determine their elemental constituents
and bonding features. The photoelectric effect involves the emission of an electron
(photoelectron) from the sample upon absorbance of incident photons., while metal
energy targets such as gold (Au) or silver (Ag) are used for calibrating the Fermi edge.
The electron is ejected from the solid when the binding energy is less than the photon

energy (hv); hence, kinetic energy occurs as the difference in these powers.!

The difference between the generated photoelectron’s binding energy and photon energy
is determined through electron using a hemispherical analyser. The association between
the released photoelectron’s photon energy and the kinetic energy is designated using the
formula below:

Exinetic = hv — (DSpec - EBinding

(3.1)

Where ®gpe. is the spectrometer WF, which is achieved by measuring well-defined

features of a highly conductive metal sample such as Au or Ag.

PES is a surface-sensitive analytical approach that can reveal the chemical state
information from sample elements. Photons infiltrate the sample through the different
orbitals and are absorbed by the electrons. The outermost layer and near-surface region

can then be examined.
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The multiple-PES of non-monochromatic radiations follows the exact mechanism
involving photon absorption and electron emission. First, photon absorption occurs from
the radiation, then the photons get absorbed and lead to the emission of electrons. This is
followed by the movement of electrons inside and at the outermost layer of the sample.
Subsequently, emitted electrons are passing through a lens system and an energy analyser,

and recorded by a detector.

PES’s surface sensitivity depends on how deep an electron can be produced and escape
without inelastically diverging. It is determined by the mean free path of electrons,
representing the average distance that an electron can travel without scattering, interacting
with the adjacent atoms/electrons and necessitates the use of ultra-high vacuum (UHV)
to prevent electron collision, deflection and de-excitation with gas environments. Use of
the UHV chamber is essential, as it enables an uninterrupted passage of photoelectrons to
the analyser and minimises the re-contamination rate of a newly prepared sample. Proper
vacuum level is a critical step, as its use also prevents adsorption of residual gas,
eliminates adsorption of contaminants on the sample and prevents arcing and high voltage

breakdown.

The photoelectrons can be derived from either core orbitals in the sample’s depth or
valence orbital in the outermost layer. Consequently, PES is of various types depending
on the photoelectron source. The core electrons contain strong bonds that necessitate high
photon energy to break and release electrons, while valence electrons contain delocalised
molecular features that require reduced energy. Therefore, since the X-ray examines core
levels while the UV light investigates valence levels, the former exhibits higher excitation
energy than the latter. The schematic of the in situ- spectroscopy apparatus is shown in
Figure 3-1. Figure 3-2 shows the UHV instrument used to run the experiment at Flinders

University.
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Figure 3-2. The instrument of UHV at Flinders University for XPS, MIES/UPS and IPES.
The instrument was manufactured by SPECS (Berlin, Germany).
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3.1.1 X-ray photoelectron spectroscopy

The XPS spectra are derived by irradiating a sample with a beam of X-rays and
concurrently quantifying the kinetic energy and number of escaping electrons. The XPS
spectra are measured using UHV non-monochromated X-ray source (12 kV-200 W) with
Mg anode in the current experiment. Heated Thoria-coated Tungsten filaments are used
to produce an accelerated electron source to the high voltage Mg anode, producing X-ray
emission that enter a vacuum tube and project on the sample surface. The high-energy
photon of X-ray excites the core level electrons of samples due to the Mg’s excitation
energy (1,253.6 eV), causing a photoelectron transition across the entire energy bands.
Subsequently, the sequence of electron excitation energy can be employed to recognise
the sample constituents and binding method. The elemental composition per orbital depth
can also be determined. The intensity (I) of electrons released from a material at a
particular depth can be obtained using the equation below:

I (E,a,d) = 1o exp(—d/cos(0).A(E))
(3.2)

Where d, I,, A(E) and O represent the measuring depth, maximum intensity (at outmost
layer), mean free path of electrons and angle between the orientation to the detector and
the surface normal. Notably, the X-ray irradiation and analyser angle was 54°, high pass
energy of 40 eV will be applied for survey scans, and low pass energy of 10 eV for high-
resolution scans will be documented. Composition information for the top 3—5 nm of the

sample was obtained by using Mg Ka source with a photon energy of 1,253.6 eV.>™

The removal of the XPS core electron results in a core hole that leaves the atom in the
excited ionised state. The atom can be relaxed by filling the hole with an electron from a
valence level. Energy is released during the relaxation process through either X-ray
fluorescence or the production of an Auger electron. In X-ray fluorescence, the hole is
filled through an electronic transition from a higher energy orbital, and generates excess

energy by emitting an X-ray photon. Conversely, relaxation by Auger electrons involves

62



Chapter 3: Methodology and Sample Preparation

passing the extra energy from shift to another electron in higher orbitals.>® Figure 3-3

shows the excitation of X-ray photoelectron from the elemental core level.

The XPS spectrum provides different information, including the peak intensity, the full
width at half maximum (FWHM) and the peak position. Every element contains a unique
spectrum depending on its energy levels. Modifications in the peak position of a particular
element represent an alteration in its chemical nature through processes such as reduction
or oxidation. Additionally, XPS can be applied in identifying and quantifying surface
elemental composition by comparing the measured values to the data base for individual

elements.

The main components of an XPS instruments include X-ray source/s, sample holders,
focusing lenses, hemispherical analysers and electron detectors kept under UHV. These
devices function properly when operated in an UHV chamber at specified conditions
(SPECS, Berlin, Germany). The working pressure of the instrument is in the order of few
107'° mbar for our SPECS PHOIBOS-HSA3500 analyser. The spectra are documented at
high-resolution scans, particularly low passed energy of 10 eV and bias of —10 eV.
Further, MgKa radiation is used as the X-ray source, under working conditions of 200 W,
12kV and 1,253.6 eV excitation power. Before performing peak fitting and
quantification, the high-resolution and survey spectrum peaks were corrected for electron
scattering background by using Shirley background. Then, peaks were fitted using the

Gaussian-Lorentzian functions to fit the peaks.>’ Finally, from the quality of the fitting,
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the uncertainty of the peak location has been evaluated by estimating how well the

position can be determined and taking that into consideration.

Electron@ (]

Vacuum level

Conductive
Band

Fermi Level

Core level

Figure 3-3. Excitation of X-ray photoelectron from elemental core level.

3.1.2 Ultraviolet photoelectron spectroscopy

In UPS, a helium discharge lamp is used to generate UV radiation at 21.2 eV (He 1) for
electron excitation. Since it is a surface-sensitive method, UPS uses UV rays’ energy to
interact with the VB electrons and eject them from the top 3 nm surface layer and provide
information about valence states orbitals and secondary electron densities. The WF of a
sample is determined by secondary electrons distribution, where WF is the minimum

energy required for sample surface electron removal.®

The emitted electrons entering the analyser are detected. The emitted electron’s kinetic
energy is supplemented with 10 eV to remove all secondary electrons and accelerate them
into the semicircular analyser. The electron’s binding energy in the UPS system is
determined using the following formula. A —10 eV bias is applied in the work to allow a
full emission of the electron, thus increasing the intensity of the spectrum.

EBinding = 21.2 eV — (Exinetic — (—10eV)) — cI)Spec
3.4

In this thesis, we used UPS to determine the valance electron spectra as an indication of

the dipole at the surface of a sample.
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Figure 3-4 depicts the UP spectrum of the VB and secondary electron cut-off by plotting
a line across the x-axis; therefore, WF is determined and minimised by 21.218 eV

(excitation energy).

Intensity (arb. Unit)

2 1 6 8 10 12
Binding Energy (eV)

Intensity (arb. Unit)

VB cut-off

\ SE cut-off

0 5 10 15 20

Binding Energy (eV)
Figure 3-4. Typical UP spectrum with marked VB and secondary electron cut-off.

3.1.3 Metastable induced electron spectroscopy

Similar to UPS, the core of the metastable induced electron spectroscopy (MIES) method
revolves around the use of metastable helium atoms to bombard the intended surface
where helium atoms get excited, with the excitation energy of 19.8 eV, to a metastable
state (He* 2s1s), which enables the determination of the VB structure for the outermost

atoms.

There are two mechanisms at play when He* atoms interact with the surface atoms. The
essential process is resonant ionisation (RI), which is accompanied by either Auger
neutralisation (AN) or Auger de-excitation (AD). RI accompanied by AN is predominant
on metal surfaces, with RI occurring on free sample surface when 2s He* orbital electrons
excite and induce electron emission.” Equation 3.5 provides the energy of the electron.

Eciectron = E(H€+) - Z(CD + S)
(3.5)

65



Chapter 3: Methodology and Sample Preparation

Where & represents the WF at the surface and € represents the mean binding energy of
electrons taking part in the Auger process. In the AN mechanism, He" is neutralised when
an electron from the atoms at the surface emits its electron. Conversely, the AD pathway
is predominant in organic materials and semiconductors. In the latter’s case, an electron
leaving the atoms at the surface fills the He 1s level. Due to its energy, He* is stabilised
by emitting an electron from the He 2s level. During these events, an energy difference is
formed between the electron occupying He 1s and those at the sample surface (where the
He 1s is transferred). What follows is the electron emission for ionisation and
neutralisation. The nature of MIES is in the characterisation of energy shifts in the valence
region within roughly 2 A depth, which is especially useful in characterising organic
species and their state at the surface. Spectrum obtained where AD is the dominant

process has distinct features.

Cross-section for de-excitation is considerable; however, He* has sufficient energy to
probe the surface atoms up to few angstroms in depth. This is also the reason that MIES
only characterises the electronic structure of the outmost layer and we use the AD process

throughout this work.

UPS and MIES processes are carried out in UHV. Concurrently, 21.2 eV UV light energy
and metastable helium atoms He" (S1, 19.8 eV) are produced using MFS’s (Clausthal-
Zellerfeld, Germany) dual-phase cathode discharge. The signal derived from the UV

photons and He" are then separated using a 2 kHz frequency chopper.
3.1.4 Inverse photoemission spectroscopy

IPES uses the mechanism of electron-in and photon-out to perform photoemission in a
reverse mode. The processes were executed using well-defined energy that was directed
onto the sample. Our set-up was structured so the electrons were generated in an electron
gun equipped with a BaO filament. The electrons are absorbed by the sample and make a
transition to the unoccupied states via emission of a photon. The energy of the photon is

measured and allows determination of the energy of the unoccupied state.. The
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observation of the intensity of induced photon was done using the isochromatic detector
of Geiger-Mueller tube. . Argon gas was used for filling the GM tube. Acetone was mixed
with Argon to form an ionising gas with a mixed ionising energy of around 7.88 eV, there
is a window on the GM tube with a transmission function that matches the ionisation

energy of the gas mixture.

The states below the Fermi level are in accessible for IPES (no emission of photons).
Thus, by combining the in situ-UPS and IPES, a complete energy band structure of the
samples containing WF, VB/HOMO and CB/LUMO is illustrated.! Moreover, it should
be noted that the duration of radiation on the electron gun towards a sample surface has
to be limited. That is because of the flux of low kinetic energy electrons from the source,
which can easily cause the molecular resonance of a sample surface, especially on
organics. Thus, the sample composition can be destroyed. The energy resolution of IPES

and UPS is 0.5 eV and 0.1 eV respectively.
3.1.5 Singular value decomposition

The samples investigated in this research were composed of materials derived from the
recorded spectra. The UP and MIE spectra can be considered as a linear combination of
the measured spectra of the individual components. The UP and MIE spectra were
analysed with the singular value decomposition (SVD) method, which is described in

detail in prior works;'"'? however, we provided a brief explanation in this section.

The series of UP and MIE spectra of the samples can be considered as a matrix. The initial
steps of the SVD involved the analysis of the matrix under consideration. Moreover, the
stage involved the determination of the number of base spectra required to reconstruct the
measured series spectra. It resulted in the determination of the number of base spectra
needed for the reconstruction and the yields from each of the base spectra. It is worth
noting that the base spectra are not required in the reconstruction processes. However, it
has physical meaning in the measurement of the electron spectra. While the operation is

not mathematically rigorous, it yields an ambiguous set of reference spectra. This second
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operation required the application of boundary conditions to determine the individual
spectra from the measured spectra by applying the following equation:

S}:neas =Z] a} X Sref,j with Z] Cl; =1

(3.6)

Steas: the measured spectrum i

Syef,j- the reference spectrum
a} : the weighting factors used in the fitting procedure

The sum of the weighting factors must have unity within experimental uncertainty. The

acceptable error is approximately 0.1 for the sum of the weighting factor, as shown below:

The data obtained from the experimental data required fitting using the parameters in the
spectra. If there was the formation of a dipole at the interface between the layer adsorbed
onto the surface of the sample and the substrate beneath, then it required a shift from the

original spectra on the energy scale of the spectral component to be done.
3.1.6 Neutral impact collision ion scattering spectroscopy

NICISS is a spectroscopic method of quantifying the concentration depth profile of an
element within a few angstroms below the surface of interest with the aim of providing
vital information on structure, especially that of soft matter surfaces. Initially, this
technique was designed to investigate the structure of a crystal surface. In the years that
followed, it was employed to quantify the concentration depth profile of soft surface
samples. The spectroscopic instrument features the following parts: a detector that
quantifies the time of flight (TOF) of backscattered He'; a source of ion gun, preferably,
helium (He), which generates the beam of ions, deflecting units that use electrostatic

forces to produce ion beam pulses; and vacuum chamber. The experiment is conducted
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by first placing the sample in the vacuum chamber. Second, a pulsed beam of He ions

bombard the sample in the chamber at low kinetic energies in the range of 1-5 keV.

The incoming He ions are backscattered as neutral ions and lose energy during this
process. Due to kinetic energy loss, their velocity is also decreased correlatedly. Decrease
in the velocity can be specified by the TOF detector, which measures the time needed for
species to reach the detector after scattering event. The loss in velocity is proportional to
the loss in energy of the ion and can be used to determine it. From collision theory,
measured energy loss of a He species can be used to determine the mass of the scattering
atom. Precision measurement of TOF of backscattered helium is, therefore, of utmost

importance in characterising the target.

Energy loss during backscattering occurs through two types of processes. The first
process involves significant energy losses based on the backscattering atom’s mass and
manifesting once on a single trajectory. This process is applied to identify an atom’s mass.
Conversely, the second process involves small energy losses occurring in large quantities
on a single circuit through electronic excitations (stopping power) and low angle
scattering.!® Therefore, the second process entails continuous energy loss correlated to
the trajectory’s length and provides information about the depth at which backscattering
occurred. TOF from the target to the detector is directly proportional to particle’s energy.
The illustration of NICISS and the typical conversion spectrum of NICISS from energy
loss spectrum are shown in Figure 3-5. The instrument used to run the experiment at

Flinders University is shown in Figure 3-6.

The TOF path dimension of the instrument is 1.34 m, and the scattering angle is 168°.
Integration of the two energy loss processes is employed to quantify an element’s
concentration depth profile. The NICISS results are outlined as a spectrum encompassing
individual peaks and phases for recognising different atoms included that constitute the
sample. It is documented as intensity vs TOF. Since hydrogen is a lighter element, thus

being represented as background of the spectra.'*
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The following equation is used to convert TOF spectrum to energy spectrum:

dt 1 1
dE do/dQ(E) det(E)

I(E) = I(t)

3.7

Where 11, I(t), do/dQ(E) and det(E) denote the energy loss spectrum, the element’s
involvement in TOF spectrum, differential cross-section and detector sensitivity.

Particularly, the factor dt/dE is essential in describing the non-linear correlation between

TOF and energy.

In this thesis, NICISS was used to identify the concentration depth profiles, the thickness

of the layers and the regions of chemical phase mixing.

Helium lon Gun

Counts

Time of Flight (us)

Figure 3-5. Diagram of NICISS operation and the raw NICISS spectrum.
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Figure 3-6. The NICISS instrument at Flinders University. The instrument was
manufactured by SPECS (Berlin, Germany).

3.1.7 X-ray diffraction

X-ray diffraction (XRD) is the process of illuminating a sample with X-rays to obtain a
diffraction pattern. This pattern is recorded by detectors where it can be analysed to

determine the orientation of molecules in a material.'?

In more detail, the X-ray can only be diffracted from the atomic plane when the distance
between adjacent lattice planes follows the law of Bragg, as illustrated in equation 2.8.'
As shown in Figure 3-7, Bragg’s law can be used to express the relationship between X-
ray wavelength, incidence angle and lattice spacing between crystal lattice planes of
atoms.

nA = 2d sin(60)

(3.9)
Where:

1. n (integer) is the order of interference
2. A\ is the wavelength of the incident X-rays
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3. dis the lattice spacing in nm
4. 0 is the angle of 50 incidence in degrees.

The XRD method is used to study the perovskite films and to determine the crystal
structure of the perovskite materials. By examining the size of the nanocrystallites, the

orientation of the molecules can be defined in the sample.

The XRD patterns were obtained by employing an advanced X-ray diffractometer, the
Bruker D8 with Cu K* radiation A=1.54050 A and the scan rate set at 3°min '. The
morphological image of the films was collected using a field emission scanning electron
microscope (SEM) (Hitachi S-4800) with an accelerating voltage of 5 kV. To measure
the transmission and absorption spectra, an ultraviolet-visible-near-infrared spectrometer

(7200, V-JASCO) was used.

Incident X-ray Diffracted X-ray

Figure 3-7. Schematic illustration of diffraction process in XRD measurement.

3.1.8 Scanning electron microscopy

An SEM is an imaging technique and is used to determine the nanoparticle shape, size,
arrangement and degree of agglomeration.!® In the SEM (see Figure 3-8), an electron

beam is generated by multiple condenser lenses and an electron gun. By varying the angle

of inclination of the optic axis, the electromagnetic coils deflect the rays of the beam!’
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and an objective lens is used to focus the beam onto the sample (note: beam spots of size

1-5 nm).

Electron source

- B v

Condenser lens

Electron beam ———

Scan coils I:I I:I

Secondary electron,
detector S~

~
-
~—
~~

| Sample

Figure 3-8. Schematic illustration of SEM set-up.

To produce an SEM image, secondary electrons are emitted from the surface of the
sample when the primary electron beam is scanned over the sample.!” It also produces
backscattered electrons that are subsequently detected. Using the backscattered electron
image, different sample regions can be contrasted and an image is formed. The SEM
technique has the advantage of a superior lateral resolution and is capable of analysing a

wide range of scales, from the nanometre to the millimetre.'8

In this thesis, SEM technique was used to observe the surface and the cross-section of the
perovskite films on HTL (JSM-5600LV, JEOL and SU-8020, Hitach High-technologies).
For cross-sectional analysis, sample pieces were cut with a diamond cutter into two pieces

and the fractures surfaces were observed.
3.1.9 Atomic force microscopy

Atomic force microscopy (AFM) is a high-resolution scanning probe microscopy (SPM)
method that provides a detailed assessment of atomic-level surface morphology. It uses a

sharp tip or probe (usually made of hard material like silicon nitride) attached to the end
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of the cantilever that scans the surface. The force on its sharp tip that is created by its
proximity to the surface of a sample is measured based on Hooke’s law:

F= —Kx
(3.9

Where:

F is the force exerted on the cantilever in the displacement position.
K 1is the spring constant.

X i1s the displacement of the cantilever form its equilibrium position.

With a laser applied to the cantilever’s top surface, the interaction between the tip and
surface can be observed through a reflection of the laser onto the array of photodiodes.
Forces, such as van der Waals force and dipole attraction, act on the cantilever when the
tip approaches the surface. By mounting the sample on a piezoelectric scanner and
employing a feedback loop, it is possible to manipulate the sample in x and y
directions for surface scanning and to adjust the z direction of the sample so as to
minimise these forces of attraction and to maintain a constant oscillation.!”?° The
resolution is determined by the radius of curvature of the AFM tip, which can range from

a few nanometres to several tens of nanometres.

AFM can be operated in three modes, namely contact mode, non-contact mode and
intermediately or tapping mode. In this thesis, AFM tapping mode analysis was run to
study the topography of BHJ in OPV devices. Using tapping mode, an oscillating
cantilever scans the surface of a sample by attaching a tip to it. The oscillating pattern of
the cantilever is deviated by the interactions between the tip and the surface. Lasers are
used to scan the surface and collect these deviations in a three-dimensional topography

map, which is then used to monitor these deviations (see Figure 3-9).
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Figure 3-9. Basic schematic of the AFM.

3.1.10 Photothermal deflection spectroscopy

Photothermal deflection spectroscopy (PDS) detects the charge states in accordance with

the absorption coefficient.?!

Monochromatic light was used to irradiate the sample surface at a normal angle created
by a halogen lamp (700 nm to 1,200 nm) with a chopping frequency of 11 Hz. The light
was concentrated using a cylindrical lens. The dimensions of the lens were 1x10 mm?. A
semiconductor laser (660 nm) was then used to probe the sample surface in parallel with
the light. During probing, the laser was deflected based on the thermal energy produced
by the combination of the electrons activated by the light. During the process, there was
a need to enhance the deflection of the laser probe. This was achieved by conventionally
dipping the sample into a fluorinert (FCI) solution characterised by a high coefficient-of-

temperature dependence of the refractive index, on = 8T, where T and n represent the
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temperature and refractive index, respectively. Figure 3-10 shows the process of the PDS

set-up. In this research, we used PDS to determine the defect level of the perovskite films.

Position &=} »
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Figure 3-10. Schematic illustration of PDS set-up.

3.1.11 Ultraviolet-Visible Absorption Spectroscopy

Ultraviolet-visible (UV-vis) absorption spectroscopy is a technique that can be employed
for characterising the electronic structure and composition of semiconductors based on

their absorption characteristics. !

In semiconductor materials, UV-vis light passes through molecules or atoms, and
electrons are excited from a lower level of energy to a higher level of energy.?* It is
noteworthy that absorption’s probability is strongly influenced by the material,
wavelength, and the distance of light travelling through the material. The formula below
can be used to express Beer’s Lambert law as an expression for the absorbance of a

material:
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A = &glc
(3.10)

Where A is the absorbance, € is molar absorptivity, [= 1is the length of the light path

and c is concentration.

In this thesis, we used UV-vis to examine the transmittance of NiOx film and MeO-

2PACz on NiOx film.
3.1.12 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is used to study and characterise the electronic
structure of materials and understand their dynamic processes. It is used to measure the

distribution of energy of photons produced after optical excitation.

By analysing the resulting spectra, it is possible to identify the material’s properties,
including possible stimulated emission, defect species, defect concentration,
recombination mechanisms and Eg. Particularly, steady-state PL measurements have been
widely used in the study of charge-hole recombination at the perovskite/ETL or HTL
interfaces, trap state, and the passivation effect.” In this thesis, PL spectra were obtained

using a spectrometer (FP8500, JASCO) to determine the properties of the materials.
3.1.13 Time-resolved photoluminescence

Time-resolved PL (TRPL) is used to determine the dynamics of semiconductor charge
carriers. Hence, an accurate assessment of charge carrier lifetime can only be made after
the device systems have been characterised. Depending on the materials and interface
used in some semiconductors, the carrier can have a different lifetime. There are some
factors that affect the measured results, include the surface effects of the sensitiser, the

passivation effect, the energy transfer property and the impurities and defects.

In this thesis, the TRPL measurements were carried out to understand the recombination

lifetime in perovskites films with a fluorescence lifetime spectrometer (Quantaurus-t
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from Hamamatsu-Photonics K.K.) equipped with ~ 405 nm laser diode (ttyp. Peak power
of 400 mW) at 200 kHz repetition rate.

3.1.14 PV characterisation

The PV cell efficiency, a cell’s ability to transform the input energy from the sunlight to
an output electrical power, was determined by establishing the ratio between the energy
that the cell produces (Poutput) and the energy provided by the light (Pinput). This determines

the PCE n expressed as a percentage (as illustrated in equation 3.11).

_ P output

I input

(3.11)

Within equation 3.11, Pinpu relates to the solar spectrum. However, as the solar spectrum
that hits the Earth’s surface varies with location and time of day, a well-established
reference solar spectrum with air mass (AM) coefficient was used. The AM has a constant
value of 1.5 G, which represents the sea level spectral distribution of averaged solar
radiation across the planet’s surface after atmosphere’s permeation 1.5 times with a

radiation intensity of 100 mW/cm?.2

The cell’s Pouput is experimentally determined from the current voltage (I-V) analysis.
The I-V characteristics enable the determination of measures, such as Vo, short-circuit
current (Isc) and the fill factor (FF). V. represents the cell’s maximum voltage when the
current is not transmitted through the external circuit. Conversely, the Isc represents the
maximum current produced at zero voltage. The cell’s Pougput 1s determined when the
voltage and current reach their maximum values (Imax and Vmax) and is calculated using
the following equation:

Poutput = Imax Vmax
(3.12)

The FF is the ratio of the Pougpu to that of the product of Isc and V.. It can be evaluated

using the following equation:
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Poutput

FF =
ISCVOC

(3.13)

Since the cell’s general performance depends on its efficiency, the following equation

can be used to determine the efficiency:

= M X 100
Pinput

(3.14)
A solar simulator with a 1,000 W Xeon lamp, adjusted to produce a 100 mW/cm? output,

at 1.5 G AM, was used throughout the work for cell testing. An Si cell was used for the
lamp calibration and using Keithley 2400 SourceMeter run by Labview software to

measure the overall efficiencies of the cell.
3.1.15 Quantum efficiency measurements

Quantum efficiency (QE) of an external SC is given as the portion of incoming photons
converted into electrons in the external circuit, as a function of wavelength. Two types

were established: 1) the external QE (EQE) and 2) the internal QE (IQE).

EQE can be viewed as incident photon-to-electron conversion efficiency (IPCE), which
considers the number of photons emanating from the solar simulator that reach the
photosensitised area of the SC. After the photon absorption and subsequent electron (e")
and hole (h") generation, separation and collection of charge carriers at the interface is
required. If charge recombination occurs, it will result in a drop in the IPCE. Via equation
3.15, the IPCE value can be obtained by knowing the photon flux Jo of the solar simulator,
with Ji. representing the short-circuit current density and e the elementary charge.

IPCE = Jsc /e,
(3.15)

In this thesis, we used QE measurements to study the efficiency of photocurrent

conversion.
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3.2 Sample Preparations

This section will describe the sample preparation of the organic SC and PSC.
3.2.1 Cleaning of ITO substrate

The ITO-coated glass substrates were immersed to a 5% Pyroneg solution for 20 minutes
at 90 °C. Subsequently, the substrates were rinsed with MilliQ water and sonicated for 10
minutes in MilliQ water, which was repeated with acetone then 2-propanol. The cleaned
substrates were dried under a stream of nitrogen, followed by 20 minutes of UV/ozone

treatment.
3.2.2 Polymer layers

In Chapters 4, 5, 6 and 7, the polymer interface was studied. The sample preparation for

these chapters is as follows.
A) Cathode Interface Layer (CIL)
i. P(NDI3N-T-Br) and P(NDI3N-F8-Br) layers

The polymer SC project focuses on an n-type CIL polymer—poly[(N,N -bis(3-(V, N-
dimethyl)-N-ethylammonium)propyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl)-
alt-2,5-thiophene)]dibromide P(NDI3N-T-Br) and poly[(N,N -bis(3-(N, N-dimethyl)-N-
ethylammonium)propyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl)-alt-2,7-(9,9’-
dihexylfluorene))]dibromide P(NDI3N-F8-Br)—with pendant side groups containing

quaternary amines.

This is an A-D copolymer consisting of an NDI acceptor unit and a thiophene linker as
the donor unit. The design of the polymer with the pendant side groups positioned on the
NDI unit allows for ease of modification by the switching of the donor linker unit.
Moreover, the preparation of the new cathode interface material focused on green

processing, which means they can be solution processed from green solvent. The pendant
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side groups contributed to the increased solubility in polar and green solvent, such as
alcohol. The synthesis procedure of P(NDI3N-T-Br) can be found in the supplementary
section (Appendix A). The chemical structures of P(NDI3N-T-Br) and P(NDI3N-F8-Br)

are shown in Figure 3-11.

n
Br

.

g SNt
fh'd P(NDI3N-T-Br) T P(NDI3N-F8-Br)

Figure 3-11. Chemical structures of the n-type cathode interface materials P(NDI3N-T-
Br) and P(NDI3N-F8-Br).

For preparing an interface layer, MeOH was used as the solvent for the P(NDI3N-T-Br)
and the thin film was spin-coated from a 15 mg/mL methanol solution on ITO-coated
glass ata 2,000 rpm. P(NDI3N-F8-Br) was spin-coated from a 12 mg/mL MeOH solution
on ITO at a speed of 2,000 rpm. These were the optimal concentrations and solvent to
make a thin layer of CIL and allow for measuring the interface structure after depositing

different active layers on the top.

il. Zinc oxide (ZnO)

Zinc acetate dihydrate (500 mg) was dissolved overnight in a mixture of ethanolamine
(150 pL) and 2-methoxyethanol (Sigma-Aldrich, 99.8%, 5 mL). The resulting solution

was filtered with a PTFE syringe filter (0.45 pm) to remove any undissolved particulates
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prior to being spun on cleaned ITO-coated glass substrates at 3,000 rpm for 60 seconds.

The formed film was annealed in a 280 °C preheated furnace in air for 10 minutes.

B) Active Layer Formation

i. TQ1 (donor)

Poly[2,3-bis(3-octyloxyphenyl) quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1) was
spin-coated from tetrahydrofuran (THF) solution at 2,000 rpm onto the previously formed
P(NDI3N-T-Br) layer. THF solution concentrations of 0.05, 0.08, 0.1, 0.15 and
0.2 mg/mL were used to generate TQI1 layers of various thicknesses on top of the
P(NDI3N-T-Br). A reference sample was also prepared by spin coating TQ1 directly onto
ITO. The chemical structures of donors and acceptors materials used in this thesis are

shown in Figure 3-12.

Ca4Hg

CiHs

PTB7-Th ITIC

Figure 3-12. Chemical structure of donor material (TQ1 and PTB7-Th) and acceptor
materials (N2200 and ITIC).
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ii. N2200 (acceptor)

Poly[[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-
5,5'-(2,2"-bithiophene)] (N2200) (Mn = 43 kg/mol, Mw = 120 kg/mol) was spin-coated
at 2,000 rpm from o-xylene solutions with different concentrations of 0.3, 1.0, 1.5, 2.0
and 2.5 mg/mL on top of P(NDI3N-T-Br) as the acceptor active layer. A reference sample
was also prepared by spin coating N2200 directly onto ITO.

iili. PTB7-Th (donor)

The o-xylene was wused as the solvent for the poly[[2,60 -4,8-di(5-
ethylhexylthienyl)benzo[1,2-b:3,3-b]dithiophene][3-fluoro-2 [(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7-Th). This donor layer was spin-
coated on a pre-formed P(NDI3N-F8-Br) layer, which was prepared at a speed of
2,000 rpm with different concentrations of 0.3, 0.6, 1.0, 1.5, 2.0 and 2.5 mg/mL.

iv. ITIC (acceptor)

Chloroform was used for 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-
5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:20,30-d0]-s-indaceno[ 1,2-b:5,6-b0]-
dithiophene (ITIC), and was spin-coated at 2,000 rpm onto the P(NDI3N-F8). The

concentration was varied as 0.05, 0.1, 0.2, 0.3, 0.6 and 1.0 mg/mL.
3.2.3 Perovskite layers

In Chapter 8, we studied the PSC. The material preparation for that study is as follows.

i. Hole transport layer deposition

A radio frequency (RF) sputtering method was applied to deposit the 20 nm NiOx hole-
transporting layer onto ITO glass (10 + 2 ohm/square, Ra < 2.6 nm) at room temperature.
The RF sputter equipment was obtained from Sanyu Electron Co., Ltd., Tokyo, Japan,
SVC-700 RF II NA. Commercially available 99.9% pure NiO (Kojundo Chemical Lab.
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Co., Ltd., Saitama, Japan) was used as the target, and the sputtering was done at 3.5 Pa
argon pressure. The sputtering chamber was evacuated to reach less than 2x10~° Pa before

the deposition.
ii. Self-assembled monolayer (SAM) deposition

The glass substrate with sputtered NiOx (sp-NiOx) was brought inside a glovebox under
inert atmosphere. SAM preparation utilised [2-(3,6-dimethoxy-9H-carbazol-9-yl)
ethyl]phosphonic acid, (MeO-2PACz) (TCI, >98.0%), which was prepared by dissolving
6 mg of MeO-2PACz in 18 mL of ethanol. Extra care was taken to prevent particle
formation, where all solutions were prepared inside a glovebox and filtration was carried
out using 0.22 um syringe filters. The next step was to spin coat the MeO-2PACz over
sp-NiOx HTL at 3,000 rpm for approximately 30 seconds. Annealing was performed for
10 minutes on a hot plate (100 °C) inside the glovebox. The chemical structure of SAM

is shown in Figure 3-13.

CH30 OCHj

'".""'.'-?

CH,CH,—~P—OH
OH

MeO-2PACz

Figure 3-13. Chemical structure of SAM (MeO-2PACz).
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iii. Perovskite solution preparation and layer deposition

Perovskite layer deposition began with the preparation of the perovskite precursor
solutions inside the gloves box, where 5-AVAI (5-aminovaleric acid hydroiodide)
(6.3 mg) and Pbl> (Kanto Chemical, 98% purity) (1,260 mg) were dissolved in
DMF-DMSO (2.85-0.15 mL). Methylammonium chloride (MACI) (Wako Chemicals,
battery grade]) (5 mg) and methylammonium iodide (MAI) (Wako Chemicals) (95 mg)
were dissolved in 2 mL ethanol and then stirred overnight at 300 rpm/70 °C in a closed
vessel. Subsequently, spin coating was performed by preparing perovskite using a two-

step interdiffusion method; more detail can be found in our previous work.?’

The perovskite films were deposited in two steps, starting with spin coating Pbl, solution
onto MeO-2PACz (3,000 rpm, 30 seconds), annealing for three minutes on a hot plate
(100 °C) and spin coating the MAI solution (4,000 rpm, 30 seconds) as a second step.
The films obtained were then annealed under a MACI vapour environment to improve

the perovskite film.?®
iv. Electron transport layer and metal electrode deposition

Preparation of the metal electrode and ETL inside the gloves box began by dissolving
phenyl-Ce1-butyric acid methyl ester (PCs1BM) in 20 mg/mL chlorobenzene, which was
followed by spin coating over the previously prepared perovskite films (1,000 rpm, seven
seconds, then 3,000 rpm for 30 seconds). After this, the samples were annealed at 100 °C

for 15 minutes.

For spin coating aluminium-doped zinc oxide (AZO) from Avantama AG (N-21X), the
AZO solution was placed onto the PCs1BM layer (1,500 rpm for 5.5 seconds, then
4,000 rpm for 20 seconds), which was followed by annealing on a hot plate (100 °C for
10 minutes). The cells were completed by thermally evaporating 150 nm thick Ag

electrodes. The final step of the process involved encapsulation with cavity glasses, which
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were sealed using UV curable resins, such as UVRESIN XNR5516Z, Nagase ChemteX,

Japan.
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4.1 Abstract

In this work, a new potential electron transport material, poly[(N,N'-bis(3-(N,N-
dimethyl)-N-ethylammonium)propyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl)-

alt-2,5-thiophene)]dibromide P(NDI3N-T-Br), was studied in conjunction with active
layers formed by poly[2,3-bis(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-
diyl] (TQ1) and poly[[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)] (N2200). The energy levels of
the active layer TQ1 and N2200 in contact with P(NDI3N-T-Br) have been determined
by PES. The dipole formed at the interface of the active layer and P(NDI3N-T-Br) is
significantly different to the dipole formed at the respective interface with ITO. The
dipole between the active layer and P(NDI3N-T-Br) blocks the transfer of holes from
TQ1 to P(NDI3N-T-Br), which is desired, but the electrons still transfer from the N2200
to P(NDI3N-T-Br) due to N2200 being an electron acceptor. This energy level alignment
meets the expectation of using P(NDI3N-T-Br) as an interface layer in blocking the hole
transfer to the interface layer when TQ1:N2200 is used in the active layer. This work
provides an understanding of P(NDI3N-T-Br) as a charge extraction layer and indicates

its potential to be used in organic PVs.

4.2 Introduction

OPV devices have now reached power conversion efficiencies of over 18%."*° Their
advantages are potential low fabrication costs, upscaling through roll-to-roll printing and
flexibility. However, further improvements in their efficiency and stability are required

for the active layer and the interfaces between the active layer and the electrodes.

Interfacial engineering using different interface layers is known as an essential approach
for improving PCE of polymer SC by optimising the charge transport (CT) between the

active layer and the electrodes through aligning the energy levels between the layers in a
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device, leading to an improvement of the device efficiency. The properties of an interface
layer have to allow for the transport of one type of charge carrier and the simultaneous
blocking of the other. As an example, the interface layer helping to extract the electrons
from the active layer should simultaneously block the transport of the holes in the same
direction and, in this way, minimise undesired charge recombination, leading to improved

device performance.

Zn0,°® Ca and LiF have been shown to be effective electron extracting materials. The
use of Ca,”!” LiF!""'* and CsCO3!>!¢ is limited by these materials evaporating under
vacuum. Ca and LiF are chemically unstable, which could lead to deterioration of the
interface properties.!” An advantage of ZnO over other materials is that it can be deposited

from sol-gel solution or as nanoparticles from dispersions in device fabrication.®18-20-21-

23 Organic-based materials have also been used as interface layers.?%23-3¢

The electronic energy levels of the component forming a real device are, among other
factors, key for the device’s performance and need to be determined. As an example,
HOMO and LUMO levels are required to match between layers for achieving high-
performing devices such that, in the direction of the desired transition, a small downbhill
gradient in energy of the energy levels between layers exists. The electronic structure at
the electron extracting/active layer interface is influenced by the formation of dipoles.
Such dipoles can support or block CT over interfaces. Examples are interface layers
formed by LiF,’! NaF,*? AI**3** and ZnO,*> which are well studied. The same can be
expected when using organic materials as interface layers.!7?%23363% Presently, the
formation of dipoles has to be investigated experimentally because they cannot yet be
predicted from the chemical and electronic structure of the individual materials involved
in the interface formation. In contrast to inorganic/organic interface layers, the formation

of dipoles at organic/organic interfaces has been less studied.

The use of polymer-based CIL could improve the device’s flexibility compared to using

inorganic materials during the fabrication of the OPVs. Currently, reported polymer CIL
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materials  include  poly[9,9-bis(1-sulfopropane-3-yl)-fl ~ uorene-2,7-diyl-alt-(2,2'-
bithiophene-5,5")-diyl] (PFS),?¢ water/alcohol soluble conjugated polymers (WSCPs),*
PEI®and solution-processed CIL.?” The material used in the present work have
quaternary amines for WF modification of the electrodes and could form a dipole at the
interface to the BHJ layer. The valence electron structure of the CIL improves its
performance as electron transport materials because of the free electron pair, the counter

ion and the amine group.?*

Herein, poly[(N,N'-bis(3-(N, N-dimethyl)-N-ethylammonium)propyl)naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl)-alt-2,5-thiophene)]dibromide P(NDI3N-T-Br) is
investigated as an electron extraction interfacial layer. The aim of the work is to determine
the position of the energy levels of P(NDI3N-T-Br) relative to the two active layer
materials  poly[2,3-bis(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl]
(TQ1) and poly[[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
diyl]-alt-5,5'-(2,2'-bithiophene)] (N2200), and the potential formation of dipoles at these
interfaces. The investigation shows that a dipole is formed at the interface between TQ1
(donor) and P(NDI3N-T-Br) blocks the transfer of holes from the active layer to the
P(NDI3N-T-Br) interfacial layer while facilitating the transfer of electrons from N2200

(acceptor) to the electrode.

4.3 Experimental

4.3.1 Material and sample preparation

The materials and sample preparation used in this chapter are described in Chapter 3,

Section 3.2.2.

The chemical structures of polymers studied in this work are illustrated in Figure 4-1.
Two different batches of P(NDI3N-T-Br) were used for the present work, with minor

differences in material properties.
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In this study, the interfaces formed by TQ1 and N2200 with P(NDI3N-T-Br) were
investigated separately, even though TQ1 and N2200 would form in a device a BHJ.
However, even at the BHJ/P(NDI3N-T-Br) interface, TQ1 and N2200 would be
individually in contact with the P(NDI3N-T-Br).

j Different thickness of TQ1 j Different thickness of N2200

AR T S R T TN

N 00

P(NDI3N-T-Br) P(NDI3N-T-Br)
ITO conductive glass | ITO conductive glass |
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TQ1 (T P(NDI3N-T-Br) N2200

Figure 4-1. (Top) FA device structure using P(NDI3N-T-Br) as a CIL with the active
layers TQ1 and N2200, and (Bottom) the chemical structure of the materials used in this
work.

4.3.2 Methods: electron and ion spectroscopy methods

Experimental details for electron spectroscopy (XPS, UPS, IPES and MIES) and ion
spectroscopy (NICISS) are described in Chapter 3. The analysis of UP and MIE spectra,

including SVD analysis, are also described in Chapter 3.
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4.4 Results

4.4.1 Depth distribution - NICISS results

Concentration depth profiles of all Br samples were extracted from the measured NICISS
as described in Zhao et al.** and Andersson et al.*! Br is only present in P(NDI3N-T-Br)
and thus represents the concentration depth profile of this component. Figures 4-2 and
S4-1 show the concentration depth profiles of Br derived from the NICIS spectra of the
TQ1/P(NDI3N-T-Br) and N2200/P(NDI3N-T-Br) samples with different thicknesses of
TQI1 and N2200. The depth profiles of the pristine P(NDI3N-T-Br) were used as reference.
The concentration depth profiles of Br show a shift of the onset of the profiles towards
larger depth and a decrease in gradient when TQ1 or N2200 are deposited onto P(NDI3N-
T-Br). The average thickness of both TQ1 and N2200 layers are determined from the shift
of the half onset of the Br concentration depth profile between that of the pristine
P(NDI3N-T-Br) sample and samples with TQ1 or N2200 deposited onto P(NDI3N-T-
Br).*** Based on the working principle of NICISS, the increasing shift has to be
interpreted as an increase in the TQ1 layer thickness.*'*> In Table 4-1, the thickness of
the TQ1 and N2200 layers deposited onto the P(NDI3N-T-Br) are shown for various
solution concentrations of TQ1 and N2200. It is found that the TQ1 thickness is not
proportional to the concentration of the TQ1 solution spin-coated on top of P(NDI3N-T-
Br), as shown in Figure 4-2. The probable reason is that the conditions for the spin coating
were slightly changing between samples. For the purpose of the present work, this
variation of the TQ1 thickness is not relevant because the purpose for preparing the set of
the TQI1/P(NDI3N-T-Br) samples is fabricating samples with a variation in TQI
thickness. The change in gradient of the onset of the step means that either the TQ1 layer
is not homogeneous in thickness or intermixes with the P(NDI3N-T-Br).*® The gradient
of the onset of the Br step is determined by two factors. First, the actual concentration
depth profiles of Br, including the influence of inhomogeneity of the TQI layer or
intermixing at the TQ1 and P(NDI3N-T-Br) interface.
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Bromine Depth Profile of TQ1/P(NDI3N-T-Br)
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Figure 4-2. The distribution of Br at the TQ1/P(NDI3N-T-BR) interface layer, with the

zero mark indicating the very surface of the samples.

Table 4-1
The Thicknesses of the TQ1 and N2200 Layers Deposited on P(NDI3N-T-BR), Evaluated
from NICISS

Concentration of TQ1 Thickness Concentration of N2200 Thickness

TQ1/P(NDI3N-T-Br) (nm) N2200/P(NDI3N-T-Br) (nm)
interface interface

0.20 mg/mL 7.7 2.5 mg/mL 10.0

0.15 mg/mL 1.2 2.0 mg/mL 8.0

0.10 mg/mL 2.2 1.5 mg/mL 5.0

0.08 mg/mL 0.8 1.0 mg/mL 3.0

0.05 mg/mL 1.3 0.3 mg/mL 1.0

Second, energy loss straggling of the He projectiles on their trajectory through the organic

materials as investigated by Andersson*® and Andersson et al.*’ It also causes an increase
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in the broadening of the onset of the Br part of the spectrum. This second contribution to
the gradient, however, is small compared to the first contribution for all samples but the
plain P(NDI3N-T-Br). Thus, the gradient of the onset of the Br concentration depth
profile reflects the inhomogeneity of the TQ1 thickness or the degree of intermixing.
These two causes cannot be separated. However, this does not affect the interpretation of

the results.

For the present work, it is not relevant whether the materials intermix or layers with
inhomogeneous thickness are formed. The important aspect is that an interface is formed
between TQ1 and P(NDI3N-T-Br) and between N2200 and P(NDI3N-T-Br), which can

be analysed with electron spectroscopy.

4.4.2 Interface chemical composition - XPS results

TQ1/P(NDI3N-T-Br) interface
High-resolution XPS of TQ1/P(NDI3N-T-Br) for C, N, S, Br are shown in Figure 4-3 and
for O in Figure S4-2A for the electron donor TQ1. The Cls spectra were fitted with four

peaks for the TQ1/P(NDI3N-T-Br).
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Figure 4-3. High-resolution XPS of (A) Cls, (B) N1s, (C) S 2p and (D) Br 3d of pristine
P(NDI3N-T-Br), pristine TQ1 and samples with layers of 0.8 to 7.7 nm of TQ1 on
P(NDI3N-T-Br).
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Pristine TQ1 is required to be fitted with three peaks. The first Cls peak in the spectrum
of pure TQ1 is found at 285.2 + 0.3 eV and can be assigned to C-C bonds.*® The second
peak is at 285.7 £ 0.3 eV and can be identified as representing the C-N bond.*’ A third
peak is found at 286.9 + 0.3 eV, which is related to C-O.>* Additionally, P(NDI3N-T-Br)
has three C1s peaks, at 285.4 + 0.3, 286.4 = 0.3 and 288.7 + 0.3 eV, related to C-C, C-N

and C=0 respectively.*®

The position of the low binding energy C1s peak shifts with increasing thickness of TQI,
as shown in Figures 4-3A and 4-4A and in Table S4-1. The C-C peak shifts gradually, by

a total of 0.6 = 0.3 eV, which is discussed further below.
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Figure 4-4. (A), (B) and (C) show the shift in the C, N and S peak positions towards
lower binding energy with increasing TQ1 thickness. However, the N'Br~ and N-C stay
constant without shift, as shown in Figure S4-3. (D) shows the Br peak position without
any obvious shift. (E) shows the intensity ratios of Br/S and (F) Br/N for various

deposition thickness of TQI.

The Nls spectrum of the pristine TQl polymer were fitted with one peak at
399.5+ 0.2 eV and the pristine P(NDI3N-T-Br) polymer were fitted with two peaks at
400.6 + 0.2 eV and 402.5 = 0.2 eV. The TQ1/P(NDI3N-T-Br) layered sample thus had to

be fitted with three peaks, as shown in Figure 4-3B. The position of the first component
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N=C at around 399.1 + 0.2 is related to TQ1,%!>? as shown in Figure 4-3B. The position
of this peak is 0.4 eV lower than that of the pristine TQ1 sample, which is also shown in
Figure 4-4B. This shift in binding energy will be attributed to the formation of a dipole at
the TQ1/P(NDI3N-T-Br) interface in conjunction with the valance electron spectra. The
dipole formation will be discussed below in more detail after more evidence for the dipole

formation is provided via UPS and MIES.

In the layered system, the N peaks at 400.7 = 0.2 and 402.4 + 0.2 eV are related to N-C
and N'Br™ from P(NDI3N-T-Br),>* and are at the same position as those of the pristine
P(NDI3N-T-Br) sample. With increasing TQ1 thickness, the N peaks of P(NDI3N-T-Br)
decrease in intensity and that of TQI increases, reflecting the increasing TQ1 thickness.
The ratio of the two N peaks of P(NDI3N-T-Br) is close to 1:1 within the uncertainties of

the experiments and the fitting procedure and does not change (see Table S4-2).

In Figure 4-3C, the S 2ps peak is found at 164.0 = 0.2 eV>* and shows a gradual shift
towards lower binding energy (see Figure 4-4C) with increasing thickness of TQ1. The
largest shift is found for the 7.7 nm TQI1 sample of 0.4 + 0.3 eV. There also might be a
non-shifted S component of P(NDI3N-T-Br) that is difficult to separate from the shifting
component of TQ1 because the first would be decreasing in intensity with increasing TQ1

thickness.

The Br 3ds/2 peak in Figure 4-3D was found at 67.6 = 0.3 eV for all TQ1/P(NDI3N-T-Br)
samples at a range of TQI thicknesses, including the pristine P(NDI3N-T-Br) sample
interfaces layer with different thicknesses of TQ1, and corresponds to BrN*>. The Br
peak does not shift with increasing TQ1 thickness, as can be seen in Figure 4-4D, which
shows that all the TQ1/P(NDI3N-T-Br) samples are not charging. The reason for the
above-described shift of the C-C peak must therefore have another origin than the

charging of the samples.
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Figures 4-4E and 4-4F indicate the ratio of Br/S and Br/N as a function of different
thicknesses of TQ1. The intensities of Br/S and Br/N show a significant decrease with

increasing TQ1 layer thickness as Br is only a part of P(NDI3N-T-Br).

N2200/P(NDI3N-T-Br) interface
High-resolution XPS of C, N, S and Br for N2200/P(NDI3N-T-Br) are shown in Figure

4-5 and for O in Figure S4-2B for the electron acceptor N2200. The Cls spectra were
fitted with three peaks. For pristine N2200, the first peak is located at 285 + 0.2 eV and
can be assigned to a C-C bond. The second peak is at 286.2 = 0.2 and can be assigned to
C-O. The third peak is at 288.6 + 0.3 eV and related to C=0.>® P(NDI3N-T-Br) is fitted
with three peaks—at 285.4 + 0.3, 286.6 = 0.3 and 288.8 + 0.3 eV—related to C-C, C-N

and C=0, respectively.
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Figure 4-5. High-resolution XPS of (A) Cls, (B) N1s, (C) S 2p and (D) Br 3d of pristine

P(NDI3N-T-Br), pristine N2200 and samples with layers of 1 to 10 nm of N2200 on
P(NDI3N-T-Br).
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Figure 4-6. (A), (B), (C) and (D) show the position peaks of the C, N, S and Br and the
change after increasing N2200 thickness. (E) shows the intensity ratios of Br/S and (F)
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The position of C-C peaks shows a small transition between the position of N2200 and
P(NDI3N-T-Br), but there is no obvious shift due to a dipole formation, as shown in
Figures 4-5A and 4-6A.

For all N2200/P(NDI3N-T-Br) samples, two N1s peaks were found: at 400.8 = 0.2 eV,
related to N-C, and at 402.7 + 0.2 eV, assigned to N-O (see Figure 4-5B). The S 2p3»
peak was found at 164.3 £ 0.2 eV, as shown in Figure 4-5C. The Br 3ds,» peak was found
at 67.8 £ 0.2eV, as shown in Figure 4-5D. Notably, the N1s, S 2p3/> and Br 3ds» peaks do
not shift with increasing N2200 thickness, as can be seen in Figures 4-6B, 4-6C and 4-
6D, which will be discussed below.

As seen in Figures 4-6E and 4-6F, the intensity ratios of Br/S and Br/N decrease with an
increasing the amount of N2200 deposited onto P(NDI3N-T-Br) as Br is only a part of
P(NDI3N-T-Br).

4.4.3 Analysis of MIES, UPS and IPES results

First, we consider the sample with pristine TQ1, with TQ1 being the electron donor. In
Figure 4-7A, the valence electron region as measured with UPS is shown together with
the regions of the conduction electrons as measured with IPES. The procedure for
obtaining the VB cut-off/Enomo and CB cut-off/ELumo can be determined by
approximating the base line and the onset of the UP and IPE spectra with a linear curve
and determining their intersections as illustrated for the pristine P(NDI3N-T-Br) sample
in Figure 4-7A. The VB cut-off/Enomo and the CB cut-off/ELumo for pristine TQ1 are
1.4+0.1eV and —0.9+0.1eV, respectively. The VB cut-off/Enomo of pristine
P(NDI3N-T-Br) is 2.2 £ 0.1 eV, and the CB cut-off/Erumo is —0.4 + 0.1 eV, as listed in
Table 4-2. The spectra of UPS, IPES and MIES for all TQ1/P(NDI3N-T-Br) samples are
shown in Figure S4-4, and the values for VB, CB and WF are listed in Table S4-4.

Second, we consider the sample with pristine N2200, with N2200 being the electron

accepter. In Figure 4-7B, the valence electron region as measured with UPS and the
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regions of the conduction electron as measured with IPES of pristine N2200 are shown.
The procedure for determining the VB cut-off/HOMO and CB cut-off/LUMO is the same
as explained above and these are listed for all samples in Table 4-2. P(NDI3N-T-Br) is
shown in Figures 4-8A and 4-8B. The reason is that these were two different batches with
differences in the structure of the occupied and unoccupied energy levels but with the
same HOMO and LUMO. The N2200/P(NDI3N-T-Br) interfaces of UPS, IPES and
MIES are shown in Figure S4-5, and the values are listed in Table S4-5. The full spectra
of UPS and MIES of TQ1 and N2200 are shown in Figures S4-6 and S4-7.

UPS B IPES

UPs

Pristine

Pristine
N2200

Valence electron
Conduction electron

Valence electron
Conduction electron

8 76 54321 0-1-2-3-+4 8 76 5 43 21 0-1-2-3-4
Energy from Fermi(eV) Binding Energy(eV)

Figure 4-7. (A) The plot of the CB/ErLumo and VB/Enowmo region of TQ1 and P(NDI3N-
T-Br) as measured via UPS and IPES. (B) The plot of the CB/ErLumo and VB/Enomo
region of N2200 and P(NDI3N-T-Br) as measured via UPS and IPES. For determining
the cut-off for VB and CB, the level of noise in the UP and IPE spectra must be considered,
with the IPE spectra showing a higher level of noise.
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Table 4-2
The Values of VB/Enomo, CB/ELumo and Energy gap (Eg) of the TQ1, N2200 and
P(NDI3N-T-Br) Samples

Polymer VB/Enomo CB/ELumo Eg (eV)£0.2
(eV)*0.1 (eV)£0.1
Pristine TQ1 1.4 -0.9 2.3
Pristine N2200 1.7 —0.8 2.5
Pristine P(NDI3N-T-Br) 2.2 —0.4 2.6

Note. All energies are indicated with a zero point at Er.

The P(NDI3N-T-Br) spectra for UPS, IPES and MIES are slightly different for the
investigation of the TQ1/P(NDI3N-T-Br) and N2200/P(NDI3N-T-Br) interfaces due to
using two different batches of P(NDI3N-T-Br). The features of P(NDI3N-T-Br) in the
spectra are the same, but their relative intensities differ. The reason is most likely some
difference in the ratio of the tertiary amine pendant groups to the quaternary amine
pendant groups, which affects only slightly the function of the polymer. The cut-offs for
UPS, IPES and MIES are the same for both batches, showing that the overall results are

not affected by the differences between the batches.

4.4.4 Decomposition of valance electron of MIES and UPS
TQ1/P(NDI3N-T-Br) interface

The UP and MIE spectra are shown in Figure 4-8. The SVD algorithm was applied for
component analysis of the UP and MIE spectra, with the results of the analysis shown in
Figure 4-8 for the TQ1/P(NDI3N-T-Br) interface. The SVD analysis shows that two
components were required to fit the entire series of spectra for both UPS (see Figure 4-
8A) and MIES (see Figure 4-8B). The first component, reference A, can be identified as
the TQ1 spectrum, but shifted on the energy scale by around —0.7 + 0.1 eV thus, towards
lower binding energy compared to the pristine TQ1 spectrum. MIES shows a similar
finding where reference A has the same shape as the spectrum of pristine TQ1 but shifted
by —0.5 + 0.1 eV towards lower binding energy compared to the spectrum of pristine TQ1.

The reference spectrum B in both UPS and MIES analysis is that of P(NDI3N-T-Br) and
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does not show any shift, as shown in Figure S4-8 (A and B). The shift of the UP and MIE
spectra corresponds approximately to the shift as found via XPS in the position of the Cls
peak between the pristine TQ1 sample and the TQ1 deposited onto P(NDI3N-T-Br) at the

largest thickness of TQ1 (7.7 nm), as can be seen in Figure 4-4A.
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Figure 4-8. (A) and (B) show the reference spectra of UPS and MIES for TQ1/P(NDI3N-
T-Br). TQ1 shifts towards lower binding energy. (C) and (D) show the weighting factors
for TQ1 and P(NDI3N-T-Br) of the UP and MIES spectra.

The UPS weighting factors for the P(NDI3N-T-Br) show a decrease with increasing

thickness of TQ1, as indicated in Figure 4-8C. A similar observation was found for the

MIES weighting factors, as shown in Figure 4-8D. The findings in Figures 4-8C and 4-
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8D demonstrate that TQ1 and P(NDI3N-T-Br) could be intermixing when the first is spin-
coated on top of the second or island formation where the islands have a range of thickness.
This conclusion is based on the MIES sensitive exclusively for the outermost layer. Thus,
finding a MIES weighting factor being larger than zero (see Figure 4-8D) indicates that
the specific substance forms part of the outermost layer. The same argument holds in a
similar way also for UPS, which is sensitive for the outermost few nm only. The MIES
weighting factor for TQ1 and for the pristine P(NDI3N-T-Br) sample in Figure 4-8D is
0.1. This seems to show a presence of TQI1 in the pristine P(NDI3N-T-Br) sample.
However, the uncertainty of the weighting factors is 0.1; thus, within the accuracy of the
SVD analysis, the contribution of TQ1 can still be considered as zero. This is in agreement
with the NICISS results. At 7.7 nm thickness of TQ1, an almost close TQ1 layer is
achieved. The weighting factor of the shifted TQ1 UP spectrum increases with increasing
thickness of TQ1 on P(NDI3N-T-Br). It should be noted that the weighting factors for the
reference spectra for UPS and MIES are different because the probing depth of both
techniques is different. Figures 4-8C and 4-8D show that the intermixing of TQI and

P(NDI3N-T-Br) is similar in the outermost layer and the subsurface region.

N2200/P(NDI3N-T-Br) interface
For the N2200/P(NDI3N-T-Br) interface, two components were found for both UPS and

MIES, as shown in Figures 4-9A and 4-9B. The reference A from the UPS analysis can
be identified as the N2200 spectrum and shifted on the energy scale by around —
0.2+£0.1eV towards lower binding energy. Reference spectrum B is identical to
P(NDI3N-T-Br) and does not show any shift, as shown in Figure S4-9A. MIES finding
shows two references. Reference A has the same shape as the spectrum of pristine N2200,
and reference B is the same as P(NDI3N-T-Br). However, MIES spectra do not show any
shift, as shown in Figures 4-9B and S4-8B. The minor shift of the UP and MIE spectra
corresponds approximately to the absence of a shift in XPS in the position of the C1s peak
between the pristine N2200 sample and the N2200 deposited onto P(NDI3N-T-Br) at the
largest thickness of N2200 (10 nm), as can be seen in Figure 4-6A.
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The weighting factors for both UPS and MIES are shown in Figures 4-9C and 4-9D. The
same holds here for the uncertainty of the weighting factors as described above. It can be
seen in Figures 4-9C and 4-9D that the intermixing of N2200 and P(NDI3N-T-Br) is
lesser in the outermost layer compared to the subsurface region. This contrasts with the

finding for TQ1 and is also reflected in the concentration depth profiles measured with

NICISS.
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Figure 4-9. (A) and (B) show the reference spectra of N2200/P(NDI3N-T-Br) obtained
from UPS and MIES, where N2200 shifts towards lower binding energy. (C) and (D)
show the weighting factors of N2200 and P(NDI3N-T-Br) from UP and MIES spectra.
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It should be noted that the intermixing of both combinations of substances
(N2200/P(NDI3N-T-Br) and TQI1/P(NDI3N-T-Br)) could be either a mixing on the
molecular scale or by the formation of domains. Intermixing of substances is based on
their physical properties, including their solvation in the respective solvents. The specific

reason for the difference in intermixing is not clear and not a subject of the present work.

4.5 Discussion

Samples with a range of TQ1 and N2200 thickness deposited onto P(NDI3N-T-Br) were
prepared for analysing the structure of the TQ1/P(NDI3N-T-Br) and N2200/P(NDI3N-T-
Br) interfaces. A combination of methods has been used to determine the intermixing and
electronic structure of the TQ1/P(NDI3N-T-Br) and N2200/P(NDI3N-T-Br) interfaces.
NICISS was used to determine the concentration depth profiles across the interface of
TQ1 and N2200 on P(NDI3N-T-Br). The thickness can be obtained from the shift of the
half onset of the Br peak with respect to the Br of pristine P(NDI3N-T-Br), as Br is a
component of the P(NDI3N-T-Br) layer.

Through UPS and MIES, it was found that the spectra of TQ1 and N2200 experience a
shift in binding energy for UPS by —0.7 eV for TQ1 and —0.2 eV for N2200. The shift is
to a lower binding energy, demonstrating that the negative end of the dipole is directed

towards TQ1 and N2200, while the positive end moves towards the buried layer of
P(NDI3N-T-Br).

The physical meaning of the spectrum shift of the TQ1 and N2200 can be explained with
the formation of a dipole at the TQI1/P(NDI3N-T-Br) and N2200/P(NDI3N-T-Br)
interface. The component of TQ1 and N2200 shifted due to the dipole at the interface
being subject to a bias on the electron energy scale of the UP spectra. The formation of a
dipole at the interface also increases the WF of TQ1 when deposited onto P(NDI3N-T-
Br). However, for N2200, the WF did not show a significant change after the deposition

onto P(NDI3N-T-Br). The change in dipole at the TQI/P(NDI3N-T-Br) and
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N2200/P(NDI3N-T-Br) interface is not necessarily reflected in a change in the WF of the
samples. The reason is that the WF is a measure for the dipole at the sample surface and
not the buried interface between TQI1/P(NDI3N-T-Br) and N2200/P(NDI3N-T-Br).
Further, the samples investigated here show a mixture of TQ1 and P(NDI3N-T-Br) and
N2200 and P(NDI3N-T-Br), and the WF of the samples is thus determined by the
presence of both components. In such a mixture, the component with the higher WF
defines the overall WF of the surface unless the two components are not well mixed but
separate, as shown by Sharma et al.’’ It also should be noted that ITO is a reference
sample here and noting the formation of a dipole is referring to a change of the dipole
existing at the interface with the reference sample. The formation of a dipole at a buried
interface will influence the electronic properties of the components in the same way as an
electronic bias will shift the electric potential of a sample, thus shifting the UP spectra as
observed here but also influencing the WF through a shift as well. The reference to the
XPS core levels, however, provides a reference for which component is subject to a dipole
or bias, which shows that the TQ1/P(NDI3N-T-Br) interface is subject to the formation

of a dipole.

The formation of a dipole is supported by the XPS result. For TQ1, the Cls, N1s (N=C)
and S components of TQ1 show a shift towards lower binding energy and can be linked
to the functional groups of TQ1 deposited onto P(NDI3N-T-Br), which are located in the
interface dipole. Previously, we showed that the shifts observed via XPS were not caused

by charging of the samples.

In Figures 4-4A, 4-4B and 4-4C, the shift of the C, N and S peaks related to TQ1 are
around 0.4 eV towards lower binding energy. For the analysis of C1s, the C-C peak at the
TQI/P(NDI3N-T-Br) interface within the dipole layer shifted with the increasing
thickness of TQ1 relative to the pristine TQ1, indicating that the TQ1 layer is affected by
the dipole formation. The absolute position of the C1s peak in XPS allows for determining

which interface the dipole formed at. The C1s peak for P(NDI3N-T-Br) on ITO and TQ1
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on ITO are the same in binding energy within 0.2 eV. The binding energy of C1s for 7 nm
TQI1 on P(NDI3N-T-Br) is 0.4 eV, lower than that for TQ1 on ITO. Thus, the dipole is
formed at the TQ1/P(NDI3N-T-Br) interface.

It can be noted that the C and S components show a gradual shift, while the N component
(N=C) of TQ1 shows an instant shift. The reason for this difference is that C and S are a
part of both substances, while N is only a part of TQ1. Thus, the XPS Cls and S 2p spectra
are a superposition of the spectra of TQ1 and P(NDI3N-T-Br), and the contribution of C
and S coming from each of the substances are difficult to separate. The shift is seen
instantly for N because it is only a part of TQ1 and thus does not overlap with another N

contribution coming from P(NDI3N-T-Br).

For N2200, it was found via UPS that the shift in binding energy of N2200 is —0.2 eV.
This shift is caused by the formation of a small dipole between N2200 and P(NDI3N-T-
Br). The formation of a small dipole between N2200 and P(NDI3N-T-Br) is also reflected
in the XPS of C, S and N, as shown in Figure 4-6.

The shift in UPS of TQ1 (-0.7 £ 0.1 eV) is larger than the shift of N2200 (-0.2 + 0.1 eV),
which indicates that TQ1 has a stronger dipole formed at the interface with P(NDI3N-T-
Br) than N2200. The TQ1/P(NDI3N-T-Br) interface XPS allows also to determine the
location of the dipole for the N2200/P(NDI3N-T-Br) interface. The Cls peak for N2200
on ITO and N2200 on P(NDI3N-T-Br) are the same in binding energy within 0.1 eV. The
binding energy of Cls for 10 nm N2200 on ITO is 0.4 eV lower than for P(NDI3N-T-Br)
on ITO. Thus, there is no dipole formed at the N2200/P(NDI3N-T-Br) interface.

Energy levels and implication for CT over the interface

Figure 4-10 illustrates the energy level diagram of electron donor TQ1 and electron
acceptor N2200 with the values for the energy levels taken from the electron spectroscopy
measurements. The energy shift found via UPS is interpreted as formation of a dipole at
the respective interface and allows for estimating the strength of the dipole between TQI

and P(NDI3N-T-Br) and between N2200 and P(NDI3N-T-Br). In the top row of Figure
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4-10A, the energy level diagrams at the interface between each of the three substances
TQI1, N2200 and P(NDI3N-T-Br) on ITO are shown. In the bottom row of Figures 4-10B
and 4-10C, the energy level diagrams for TQI1/P(NDI3N-T-Br)/ITO and
N2200/P(NDI3N-T-Br)/ITO are shown. In the bottom row, the possible and not possible
CT processes for holes (from the donor TQ1) and electrons (from the acceptor N2200)
are also indicated. The desired CT processes are the transfer of electrons from
TQ1/N2200 to P(NDI3N-T-Br) and blocking the transfer of holes in the same direction.
Electrons would be transferred only from N2200 as the acceptor and holes from TQ1 as

the donor.
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Figure 4-10. (A) the energy level of TQ1/ITO, P(NDI3N-T-Br)/ITO and N2200/ITO. (B)
the energy level of TQ1/P(NDI3N-T-Br)/ITO. (C) the energy level of N2200/P(NDI3N-
T-Br)/ITO, the energy level of TQI/P(NDI3N-T-Br)/ITO and N2200/P(NDI3N-T-
Br)/ITO and the CT over the interface layers with the interface dipole that shifted the
VB/Eunomo and CB/Erumo level. VL, vacuum level.

As illustrated in Figure 4-10, the Enomo and ELomo show that the TQ1 and N2200 layers

shifted upwards on the energy scale as a result of the dipole formation at the interface

layer. This shift moves the VB/Enomo of TQ1 (see Figure 4-10B) far above that of

P(NDI3N-T-Br), blocking the hole transfer from TQ1 to P(NDI3N-T-Br). Being affected
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only slightly by a shift, the CB/ELumo of N2200 is now above that of P(NDI3N-T-Br).
This energy level alignment meets the expectation of using P(NDI3N-T-Br) as an
interface layer in blocking the hole transfer and facilitating the electron transfer to the

interface layer when TQ1:N2200 is used in the active layer.

In the present work, the TQ1/P(NDI3N-T-Br) and N2200/P(NDI3N-T-Br) interfaces are
investigated individually. In a functioning device, TQ1 and N2200 would form a joint
BHJ layer forming an interface with P(NDI3N-T-Br). At the TQ1/N2200 BHJ and
P(NDI3N-T-Br) interfaces, TQ1 and N2200 would be in contact with P(NDI3N-T-Br).

The present study then represents these individual interfaces.

The interpretation of the shift between the spectra as dipole is based on the referencing of
the dipole to the interface between all three substances (TQ1, N2200 and P(NDI3N-T-
Br)) and ITO. The reason is that the spectra of the reference samples are from the
respective substance deposited onto ITO. In case there is a dipole between each of TQ1,
N2200, P(NDI3N-T-Br) and ITO, the dipole is different. However, the interpretation of

the energy transfer of electrons and holes is not affected by such changes.

4.6 Conclusion

The energy levels of the active layer (TQ1 and N2200) in contact with P(NDI3N-T-Br)
were determined with electron spectroscopy. It was found that the spectra of TQI1
experience a significant shift in binding energy while those of N2200 experience only a
minor shift. The shifts observed are interpreted as dipole formation at the respective
interface. The strong dipole was found at the TQI1/(NDI3N-T-Br) through valence
electron spectroscopy (UPS and MIES) and was supported by XPS results. The Cls, N1s
(N=C) and S components of TQ1 show a shift towards lower binding energy and can be
linked to the functional groups of TQ1 deposited onto P(NDI3N-T-Br), which are located

in the region of the interface dipole. Given the existence of the shift, the Enomo of TQ1
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moved above that of P(NDI3N-T-Br) when the materials made contact, thus blocking the
hole from the Enomo of TQI1 to Enomo of P(NDI3N-T-Br). However, the electron still
transfers from the ELumo of N2200 to P(NDI3N-T-Br). It is concluded that the energy
level alignment of TQI1, N2200 and P(NDI3N-T-Br) meets the expectation of using
P(NDI3N-T-Br) as an interface layer in blocking the hole transfer and allowing for the

electron transfer to the interface layer when TQ1:N2200 is used in the active layer.
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5.1 Abstract

In this work, poly[(V,N-bis(3-(N,N-dimethyl)-N-ethylammonium)propyl)naphthalene-
1,4,5,8-bis(dicarboximide)-2,6-diyl)-alt-2,7-(9,9’-dihexylfluorene))]dibromide

P(NDI3N-F8-Br), an alcohol-soluble, novel, NDI-thiophene-based polymer, was studied
as a CIL in OPVs. P(NDI3N-F8-Br) was found to have good solubility in green solvents
and effectively reduce the WF of the electrodes, making it suitable for use as a CIL. The
respective interfaces between the donor polymer PTB7-Th and acceptor molecule ITIC
with the P(NDI3N-F8-Br) CIL were investigated using PES. Both poly[[2,60 -4,8-di(5-
ethylhexylthienyl)benzo|[ 1,2-b:3,3-b]dithiophene][3-fluoro-2 [(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7-Th) and 3,9-bis(2-methylene-
(3-(1,1-dicyanomethylene)-indanone))- 5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:20 ,30 -dO0 ]-s-indaceno[1,2-b:5,6-b0 ]-dithiophene (ITIC) were deposited onto
P(NDI3N-F8-Br), as in the case of inverted devices. The results indicate that P(NDI3N-
F8-Br) functions as a hole-blocking layer, which is desirable. Simultaneously, the
electrons were blocked from transferring from ITIC to P(NDI3N-F8-Br) due to the latter’s
high LUMO level. This could be a possible reason for the lower PCE. Further, energy
shifts of the components of PTB7-Th and ITIC were investigated via XPS for different
layer thicknesses. The results indicate that two dipoles formed at the interfaces of active
layers and P(NDI3N-F8-Br). The first dipole was formed at the active layers/P(NDI3N-
F8-Br) interface, while a dipole with opposite polarity was formed across thicker layers
further away from the interface. This study highlights the importance of understanding

energy level—a significant factor in designing a device.

5.2 Introduction

In inverted devices, ITO cannot directly be used as a cathode because of its high WF.

Thus, a CIL is needed to reduce the WF of ITO, facilitate an optimum charge transport
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(CT) across the interfaces and act as a barrier to block the holes. Therefore, the use of an
interfacial layer in OPVs can be considered an important approach for improving

PCE.!”?

A CIL helps to match the LUMO energy level of the acceptor in the active layer and
forms a good Ohmic contact,® which is appropriate for electron collection. Therefore,
studying the energy level alignment at each interface is an essential factor in
understanding the CT over the interfaces. Efficient CT across an interface is dependent
on the relative positions and alignments of the energy levels of the interface materials.””

Thus, studies in this area can aid understanding of the mechanism of CT using CILs.

Many studies have focused on using organic materials as CILs and applied them to
optimise device efficiency and stability due to their advantages over inorganic CIL with
a cost-effective processing method. For instance, solution processing can be applied and
moderate heat treatment used (if necessary) to fabricate a variety of CIL materials, thus
permitting low-cost fabrication of large-area OPVs. However, efforts are still ongoing to
develop an efficient organic CIL using orthogonal solvents such as water and alcohol to

prepare solution-processable CIL materials.'°

Various organic interface layers based on solution processing have been used in OPVs,
such as 1,4,5,8-naphthalenediimide (NDI)-'!, perylenediimide (PDI)-'2, pyrrolo[3,4-c]-
pyrrole-1,4-dione (DPP)!*-, isoindigo (IID)-!4, 2,1,3-benzothiadiazole (BT)-'> and [2,2'-
bipyridine-3,3'-diaminato]tetrafluorodiboron adduct (BNBP)-based'® materials and their
derivatives. NDI-based!!"!”!® interface polymers have exhibited promising features in
OPVs. NDI-based interface polymers have some unique advantages, such as greater
synthetic simplicity and chemical tunability, enhanced mechanical flexibility, and
excellent device stability, that make them a promising candidate to replace ZnO

derivatives.
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In this work, a new n-type polymeric CIL—poly[(N,N'-bis(3-(N,N-dimethyl)-N-
ethylammonium)propyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl)-alt-2,7-(9,9’-

dihexylfluorene))]dibromide P(NDI3N-F8-Br)}—was orthogonally solution processed
from alcohol and used with poly[[2,60 -4,8-di(5-ethylhexylthienyl)benzo[1,2-b:3,3-
b]dithiophene][3-fluoro-2 [(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7-
Th) and  3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-  5,5,11,11-
tetrakis(4-hexylphenyl)-dithieno[2,3-d:20  ,30 -d0  ]-s-indaceno[1,2-b:5,6-b0 |-
dithiophene (ITIC)system. This new CIL polymer is based on a NDI core and pendant
side groups containing quaternary amines. The energy level of the active layers of PTB7-
Th and ITIC with P(NDI3N-F8-Br) were determined. Subsequently, a quantitative
analysis of the electronic structure of the interfaces using PES and NICISS was performed.

The implication of the energy level for CT over interfaces is discussed.

5.3 Experimental

5.3.1 Material and sample preparation

The materials and sample preparation used in this chapter are described in Chapter 3,
Section 3.2.2. The structures of PTB7-Th, ITIC and P(NDI3N-F8-Br) are illustrated in
Figure 5-1. More details about the device fabrication are provided in the supplementary
section (Appendix B). A reference sample was prepared by spin coating PTB7-Th and
ITIC directly onto ITO.
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Aluminum
MoOx

P(NDI3N-F8-Br)

¥

v
1 P(NDI3N-F8-Br)

Figure 5-1. (Top) The inverted device architecture using P(NDI3N-F8-Br) as a CIL with
a PTB7-Th: ITIC system and (Bottom) the chemical structures of PTB7-Th, ITIC and
P(NDI3N-F8-Br) CIL.

5.3.2 Methods: electron and ion spectroscopy methods

Experimental details for electron spectroscopy (XPS, UPS and IPES) and NICISS are
described in Chapter 3. The analysis of UP spectra, including SVD analysis, are also
described in Chapter 3.
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5.4 Results and Discussion

5.4.1 Device performance using P(NDI3N-F8-Br) interface with PTB7-Th:
ITIC BHJ

OPVs were fabricated with an inverted device structure of ITO/P(NDI3N-F8-Br)/PTB7-

Th: ITIC/MoO3/Ag and a conventional structure of ITO/PEDOT: PSS/PTB7-Th:

ITIC/P(NDI3N-F8-Br)/Ag. The fabrication is described in the supplementary section

(Appendix B).

The current density-voltage (J-V) characteristics of the devices with the cathode interface
of P(NDI3N-F8-Br) are shown in Table 5-1. The inverted structures exhibited 3.2% PCE,
mainly due to poor Vo and FF, compared to the conventional structure, which achieved

a PCE of 6.8%. This improvement was attributed to facilitating the charge extraction.

The reduced PCE of inverted devices was due to a reduction in Js, possibly due to the
transparency of the P(NDI3N-F8-Br) layer deposited onto ITO, which absorbs visible
light and reduces electron extraction. The inverted and conventional structures are
discussed below. A systematic analysis of PES and ion scattering spectroscopy results
was performed to understand the electronic properties and CT at the active layer/CIL

interface when the active layer is deposited onto P(NDI3N-F8-Br).

Table 5-1
Device Characteristics of Inverted and Conventional Devices Based on PTB7-Th: ITIC
Fabricated with New Cathode Interface of P(NDI3N-F8-Br)

Device Jsc (mA Voc (V) FF PCE (%)
cm™?)
PTB7-Th: ITIC/P(NDI3N-  13.18+0.19 0.61+0.03 0.40+0.01 3.21=+0.19
F8-Br) [inverted]

P(NDI3N-F8-Br)/PTB7- 1535+0.19 0.8+0.00 0.55+0.01 6.83+0.15
Th: ITIC [conventional]
Note. Averages were based on six devices with a defined device area of 0.1 cm?.
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5.4.2 Film thickness - NICISS results

Before studying the electronic properties, NICISS was used to investigate the layer
thicknesses of PTB7-Th and ITIC on P(NDI3N-F8-Br). When a projectile travels through
a material, it loses energy. This is due to the interaction between the projectile and the
molecules within the layer resulting in the helium ions slowing down. The ability to slow
down projectiles within a given material is known as stopping power and has previously
been measured in monolayers of self-assembled alkanethiolates—representing organic
molecules—of known thickness.!* The energy loss (AE) can be approximated with the

following equation:
AE=Sp x d/(1 + 1/cos(165°)) (5.1

Equation 5.1 relates the energy loss (AE) to the stopping power (Sp) of the material and
the depth (d) that the projectile reaches within the layer. The applied procedure is detailed
by Zhao et al.'> The thickness of the layers is determined from the shift of the half onset
of the Br spectra, as shown in Figure 5-2. The NICISS results are similar to those in our

prior work.!” The different thicknesses of the PTB7-Th and ITIC layers are shown in

Table 5-2.
Bromine Depth Profile of PTB7-Th/P(NDI3N-F8-Br) B Bromine Depth Profile of ITIC/P(NDI3N-F8-Br)

=== Pristine P(NDI3N-F8
——ITIC 0.05 mg/ml AJ|F

+—[TIC 0.1 mg/ml
——ITIC 0.2 mg/ml M
=—ITIC 0.3 mg/ml

ITIC 0.6 mg/ml

===[TIC 1 mg/ml

=== Pristine P(NDI3N-F8)
PTB7-Th 0.3mg/ml
+—PTB7-Th 0.6mg/ml
——PTB7-Th Img/ml
——PTB7-Th 1.5 mg/ml
PTB7-Th 2 mg/ml
——PTB7-Th 2.5 mg/ml
T T

-30 -10 10 30 50 70 90 110 -30 -10 10 30 50 70 90 110
Depth profile (4) Depth profile (A)

Relative Concentration (arb.u.)
Relative Concentration (arb.u.)

(A) The concentration depth profile of Br in the PTB7-Th/P(NDI3N-F8-Br) interface
layers, with the zero mark indicating the very surface of the samples. (B) The distribution
of Br in the ITIC/P(NDI3N-F8-Br) interface layers.
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Table 5-2
Thicknesses of the ITIC and PTB7-Th Layers Deposited on P(NDI3N-F8-Br), Evaluated
from NICISS

Accepter (ITIC) ITIC Donor (PTB7-Th) PTB7-Th
concentrations thickness concentrations thickness
(mg mL™) (nm) £ 0.2 eV (mg mL™) (nm) £ 0.2 eV

0.05 1.0 0.3 1.0

0.1 1.0 0.6 2.0

0.2 2.0 1.0 2.5

0.3 3.0 1.5 3.6

0.6 4.0 2.0 4.2

1.0 8.0 2.5 5.4

5.4.3 Characterisation of chemical compositions - XPS results

To characterise the chemical changes of active materials deposited on P(NDI3N-F8-Br)
with different concentrations, XPS was used to investigate the samples. A pristine sample

was also prepared as a reference by spin coating PTB7-Th and ITIC directly onto ITO.

The chemical composition of PTB7-Th on P(NDI3N-F8-Br) interfaces
High-resolution XPS of PTB7-Th/P(NDI3N-F8-Br) for C, F, S and Br are shown in

Figure S5-1. The Cls spectra for pristine PTB7-Th were fitted with three peaks:
284.9 + 0.2 eV, assigned to a C-C bond?’; 287.0 + 0.2, identified as C-S; and 289.2 = 0.2
eV, related to C=0.?! The pristine P(NDI3N-F8-Br) was fitted with four peaks—
2852+0.2¢V,285.9+0.2¢eV,286.9 0.2 eV and 289.0 + 0.2 eV—related to C-C*, C-
N?! C* and C=0?', respectively, as shown in Table S5-1. It should be noted that the C*
peak of P(NDI3N-F8-Br) is assigning the 10 C atoms between the O=C-N-C=0 in NDI

as a separate species at 285.9 eV.

For the PTB7-Th/P(NDI3N-F8-Br) interfaces, the Cls spectra were required to be fitted
with three peaks, which are C-C, C-O and C=0. The C-C peak for all the samples has the
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same positions as the pristine PTB7-Th but shifted slightly towards higher binding energy
after decreasing the layer thickness of PTB7-Th on P(NDI3N-F8-Br), as shown in Figure
5-3A. The C-C peak shifts by a total of +0.3 = 0.2 eV, which is discussed below.

One Fls peak was found at 687.7+0.2 eV for pristine PTB7-Th. The PTB7-
Th/P(NDI3N-F8-Br) interfaces had one peak, as shown in Figure S5-1B. The S 2p3/2 peak
for pristine PTB7-Th was at 164.1 = 0.2 eV, as shown in Figure S5-1C.

The F and S peaks show a shift towards higher binding energy of 0.3 £0.2 eV and
0.5+0.2 eV, respectively, after decreasing the thickness of the PTB7-Th layers on
P(NDI3N-F8-Br), as shown in Figures 5-3B and 5-3C. These shifts are likely an
indication of a dipole formation (electrical bias) at the PTB7-Th/P(NDI3N-F8-Br)

interface. This is investigated further via UPS analysis in Section 5.4.4.

The Br3ds. peak, which is a part of the P(NDI3N-F8-Br) layer, was found at
67.9 = 0.2¢eV for pristine P(NDI3N-F8-Br) and all PTB7-Th/P(NDI3N-F8-Br) interfaces,
as shown in Figure S5-1D. The positions of the Br peaks did not change after depositing
PTB7-Th layers on P(NDI3N-F8-Br) (see Figure 5-3D), suggesting the samples are not
charging after depositing PTB7-Th on P(NDI3N-F8-Br). Therefore, the shifts in the C-C,
F and S peaks have a physical meaning. All the peak positions of the PTB7-Th/P(NDI3N-

F8-Br) samples, including the pristine samples, are shown in Table S5-1.
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Figure 5-3. XPS results showing the change in (A) Cls, (B) Fls, (C) S 2p and (D) Br 3d
for PTB7-Th layers deposited on P(NDI3N-F§-Br).

The chemical composition of ITIC on P(NDI3N-F8-Br) interfaces

The NF electron acceptor of ITIC/P(NDI3N-F8-Br), high-resolution XPS for C, S, N, and
Br with different layer thicknesses of ITIC are shown in Figure S5-2. The Cls spectra for
pristine ITIC were fitted with four peaks: 284.8 £0.2 eV, related to a C-C bond;
285.7+0.2 eV, a C-N bond; 286.6 + 0.2, assigned to C-S; and 287.6 £ 0.2>!, a C=0 bond
(see Table S5-2). The pristine P(NDI3N-F8-Br) has four peaks of Cls, as stated above.

The Cls for ITIC/P(NDI3N-F8-Br) interfaces were fitted with four peaks. The position
of the C-C peak for all ITIC/P(NDI3N-F8-Br) samples shifted towards higher binding
energy after decreasing the thickness of the ITIC layers on P(NDI3N-F8-Br), as shown
in Figure 5-4A.
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The Nls spectrum of the pristine ITIC were fitted with three peaks—399.2 +0.2 eV,
400.6+0.2eV and 402.5+0.2 eV—corresponding to N=C, N-C and N-O***
respectively. The pristine P(NDI3N-F8-Br) polymer was fitted with two peaks—
400.9 £ 0.2 eV and 403.0 = 0.2 eV—related to N-C and N-O, respectively** (see Table
S5-2).

The ITIC/P(NDI3N-F8-Br) layered samples had to be fitted with three peaks, and the
position of the N=C, which is a part of the ITIC layer, shifted towards higher binding
energy by 0.2 £0.2 eV after depositing different thicknesses of ITIC on P(NDI3N-F8-

Br), as shown in Figure 5-4B.

The S 2p3/2 peak for pristine ITIC is found at 164.3 + 0.2 eV, showing a liner shift towards
higher binding energy by 0.3 eV after decreasing the thickness of the ITIC layers on
P(NDI3N-F8-Br), as shown in Figure 5-4C. The shift in N and S is most likely an
indication of a dipole formation at the interface, as suggested by the relationship between

the layer thickness and the shift. This is discussed further below.

The Br 3ds» peak was found at 67.9 + 0.2 eV for all ITIC/P(NDI3N-F8-Br) samples. In
the same manner as previously discussed, the Br peak does not shift after decreasing the
thickness of the ITIC layers, as shown in Figure 5-4D. All the peak positions are shown
in Table S5-2.
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Figure 5-4. XPS results showing the change in (A) Cls, (B) N1s, (C) S 2p and (D) Br 3d
for ITIC layers deposited on P(NDI3N-F8-Br). The changes of two other N peaks of
ITIC/P(NDI3N-F8-Br) interfaces are shown in Figure S5-3.

The XPS results show a change of the chemical state of the compounds of PTB7-Th and
ITIC after changing their thickness on P(NDI3N-F8-Br), which is an indication of a
dipole formation at the PTB7-Th/P(NDI3N-F8-Br) and ITIC/P(NDI3N-F8-Br) interfaces.
To confirm the suspected dipole formation at the interfaces, the samples were analysed

via UPS.
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5.4.4 Evaluation of electronic properties of active materials deposited onto
P(NDI3N-F8-Br): UPS and IPES results

The electronic structure of the PTB7Th/P(NDI3N-F8-Br) and ITIC/P(NDI3N-F8-Br)

interfaces were analysed via UPS and IPES. UPS and IPES were individually used to

examine pristine PTB7-Th, ITIC and P(NDI3N-F8-Br) on ITO.

The VB/highest occupied molecular orbital electron (Enomo) of the UP spectra and
CB/lowest unoccupied molecular orbital electron (Erumo) of the IPE spectra are
combined and shown in Figure 5-5. The low binding energy cut-off and the background
are both fitted with a linear function. The cross-section of both linear functions then
represents the VB cut-off/Enomo. The same procedure was applied to the low kinetic
energy region in IPE spectra, from which the CB/Lumo energy are identified, as shown in
Figure 5-5. The level of noise in the UP and IPE spectra should be considered when
determining the cut-off for VB and CB, with the IPE spectra showing a higher level of
noise. The values are listed in Table 5-3. Our analyses of the UP spectra are discussed
further below. The Enomo and Erumo values of all PTB7-Th/P(NDI3N-F8-Br) and
ITIC/P(NDI3N-F8-Br) interfaces are provided in Tables S5-3 and S5-4. The plots of the

UP and IPE spectra for all the interfaces are shown in Figure S5-4.
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Figure 5-5. The plot of the VB/Enomo and CB/ELumo region as measured via UPS and
IPES of PTB7-Th, ITIC and P(NDI3N-F8-Br) samples. For determining the cut-off for
VB and CB, the level of noise in the UP and IPE spectra must be considered, with the
IPE spectra showing a higher level of noise.

Table 5-3
The Values of WF, VB/Enomo, CB/ELumo and Energy gap (Eg) of the PTB7-Th, ITIC
and P(NDI3N-F8-Br) Samples

Sample VB/Enomo CB/ELumo Eg
(eV)=0.1 (eV)£0.1 (eV)+0.1
Pristine PTB7-Th 0.6 -1.0 1.6
Pristine ITIC 1.0 -0.4 1.4
Pristine P(NDI3N-F8- 23 -0.9 3.2
Br)

Note. All energies are indicated with a zero point at Fermi Level (Ef). The VB/Enowmo is
higher than the Fermi level and noted as positive, while the CB/ELumo is lower and
noted as negative.
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Decomposition of valence electron spectra of UPS to identify the individual
components

To understand the features of the UP spectra, the SVD algorithm was applied for
component analysis. This allows us to identify the composing compounds and their

contribution to the spectra.

The analysis results for PTB7-Th/P(NDI3N-F8-Br) and ITIC/P(NDI3N-F8-Br) are
shown in Figure 5-6. SVD analysis identified two components, which allows the fitting
of the entire series of spectra in all PTB7-Th/P(NDI3N-F8-Br) interfaces and
ITIC/P(NDI3N-F8-Br) interfaces, as shown in Figures 5-6A and 5-6B, respectively.
Reference A in the three interfaces can be assigned to the P(NDI3N-F8-Br) spectrum

because they have similar features across the valence electron region.

For PTB7-Th/P(NDI3N-F8-Br), reference B in Figure 5-6A has a similar shape of
valence electron distribution to the spectrum of PTB7-Th. For ITIC/P(NDI3N-F8-Br),

reference B in Figure 5-6B can be identified as the ITIC spectra.

The SVD components for all interfaces demonstrated that there is no shift in the energy
scale after depositing the active layers on P(NDI3N-F8-Br). Thus, our UPS results show
no dipole formation at the PTB7-Th/P(NDI3N-F8-Br) or ITIC/P(NDI3N-F8-Br)

interfaces.
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Figure 5-6. The reference spectra of UPS (obtained from SVD analysis) for (A) PTB7-
Th/P(NDI3N-F8-Br) interfaces and (B) ITIC/P(NDI3N-F8-Br) interfaces.

The UPS weighting factors for the two references of PTB7-Th/P(NDI3N-F8-Br) and

ITIC/P(NDI3N-F8-Br) layers are shown in Figure 5-7. The weighting factors for

P(NDI3N-F8-Br) in Figures 5-7A and 5-7B show a decrease with increasing thickness of

PTB7-Th and ITIC, respectively. This finding indicates that at the surface of P(NDI3N-

F8-Br), there could be an intermix of the active layers when the first is spin-coated on top

of the second.
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Interpretation of the PES findings
The chemical and electronic properties of the interface samples of PTB7-Th/P(NDI3N-

F8-Br) and ITIC/P(NDI3N-F8-Br) were analysed via XPS and UPS. XPS results show a
shift in C, S, N and F towards higher binding energy after reducing the thickness of the
PTB7-Th and ITIC layers on P(NDI3N-F8-Br) by a total of +0.5 eV for PTB7-Th
interface and +0.3 eV for ITIC interface. The shift of the components was caused by the
net dipole across the layer thickness, which was probed with XPS. We found that the
dipole direction will be from the PTB7-Th and ITIC layers to P(NDI3N-F8-Br). Thus,
the positive end of the dipole is directed towards the active layers while the negative end
moves towards the buried layer of P(NDI3N-F8-Br). Conversely, UPS results showed no
shift in the energy scale in the valance region when depositing different thicknesses of
PTB7-Th and ITIC on P(NDI3N-F8-Br); this indicates that there is no net dipole across
the layer thickness that can be probed with UPS. A possible reason for this difference in
observations between XPS and UPS of the dipole formation is the different probing
depths of the techniques. X-ray (XPS) examines core levels, estimated from the electron
mean free path resulting in the peaks of the elements, while UV light (UPS) investigates
valence electron region; the former exhibits higher excitation energy than the latter. A
second possible reason is the opposing orientation of the molecules further away from the
PTB7-Th/P(NDI3N-F8-Br) and ITIC/P(NDI3N-F8-Br) interfaces. Therefore, two
dipoles can be identified. The first dipole is located at the boundary of the interface (as
determined via XPS), and the second dipole is formed with opposite polarity across
thicker layers (as determined from the shift of the core-level elements via XPS). This
double dipole is illustrated in Figure 5-8. The second dipole has an opposite orientation
to that at the interface and does not contribute to a shift of the PTB7-Th or ITIC valance
spectra, as the dipoles decrease in overall strength when they oppose each other. UPS

would not identify the shift as UPS is sensitive for the outermost nm only.
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Figure 5-8. Schematic of an interface dipole formed with the thin layer. An opposite
dipole is also formed across thicker layers.

The findings from UPS and IPES analyses help us to draw conclusions about the energy
level alignment between the active layers and P(NDI3N-F8-Br) and the implication for
CT over the interfaces. Therefore, all the quantities and values for full consideration of

the energy levels at PTB7-Th/P(NDI3N-F8-Br) and ITIC/P(NDI3N-F8-Br) interfaces

were determined.

As seen in Figure 5-9A, the Enomo of the P(NDI3N-F8-Br) layer (located deep from the
fermi level) allows for blocking the hole transport from PTB7-Th to P(NDI3N-F8-Br),
which is favourable as the P(NDI3N-F8-Br) functions as a hole-blocking layer. However,
the ELumo of P(NDI3N-F8-Br) is higher than that of ITIC; this mismatch will have an
effect on the electrons transferring from ITIC to P(NDI3N-F8-Br). This mismatch is a
possible reason for the inverted device’s reduced performance. Thus, P(NDI3N-F8-Br)
does not seem to be an efficient interface for inverted devices. However, in conventional
device configuration, the electrons transfer from ITIC to P(NDI3N-F8-Br) appears to be
more efficient (based on the device data in Table 5-1). However, the CT in the materials
is the next factor to be considered, but it can be assumed that it will not change between
conventional and inverted structures. Therefore, investigating the interface of P(NDI3N-
F8-Br) on top of ITIC under the conditions as generated in inverted devices should be

considered. It is possible that the solubility of P(NDI3N-F8-Br) in the active layer’s
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solvent could affect the electronic structure of the interface. The only way to probe that

1s by measuring the ion and electron spectroscopy of the P(NDI3N-F8-Br)/ITIC interface.

Considering the 0.5 eV and 0.3 eV shift towards higher binding energy for PTB7-Th and
ITIC, respectively, which was observed from XPS results due to the dipole formation at
the PTB7-Th/P(NDI3N-F8-Br) and ITIC/P(NDI3N-F8-Br) interfaces, the Enomo and
Eromo of the PTB7-Th and ITIC layers shifted downwards (as illustrated in Figures 5-9A
and 5-9B). The shift of the Enomo and Eromo levels (which sees the Eromo of ITIC
reduced to near zero) and the mismatch gap between ITIC and P(NDI3N-F8-Br) are not
improved by the dipole formation. Meanwhile, the Enomo of P(NDI3N-F8-Br) is still
deeper than that of PTB7-Th, and so blocks the hole transport from PTB7-Th.
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Figure 5-9. The energy level of (A) PTB7-Th/P(NDI3N-F8-Br) and (B) ITIC/P(NDI3N-
F8-Br) and the CT over the interface layers. VL, vacuum level.
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5.5 Conclusion

A new CIL, P(NDI3N-F8-Br), was investigated in conjunction with a photoactive layer
of PTB7-Th and ITIC. XPS results show a shift in the energy scale of the components of
PTB7-Th and ITIC towards higher binding energy with decreased layer thickness. This
shift is subject to two dipole formations: one at the interface with P(NDI3N-F8-Br), and
a second (with opposite polarity) across the layer. The inverted structure device showed
reduced PCE compared to the conventional device. The complete energy level structure
of the inverted interfaces was modelled, and the mechanism of CT showed that P(NDI3N-
F8) functions as a hole-blocking layer. Simultaneously, P(NDI3N-F8) cannot extract the
electrons transferring from ITIC due to the mismatched energy level. The PCE of OPVs
fabricated in an inverted configuration was found to be 3.2%, compared to a significantly
higher PCE of 6.8% for OPVs fabricated with the conventional structure. Nevertheless,
P(NDI3N-F8-Br) appeared to improve the PCE of the conventional devices, thus making
the conventional structure promising for OPV applications. This study’s findings should
inspire a new research interest in PVs regarding determining the energy level and CT for

conventional devices using P(NDI3N-F8-Br) on top of BHJ.
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6.1 Abstract

ZnO is commonly used as a CIL in OPVs due to its capability to extract electrons from
the active layer. In this work, we focus on the electronic structuring of the interface
between ZnO and an active layer containing PTB7-Th and ITIC. A broad range of
techniques was implemented to determine the energy levels of these materials at their
interface. The investigations show that the energy levels of PTB7-Th and ITIC are well
aligned with ZnO. It was also found that two dipoles formed between PTB7-Th and ZnO.
The first dipole was formed at the PTB7-Th/ZnO interface with thin layers, while a dipole
with opposite polarity was formed within thicker PTB7-Th layers further away from the
interface. The findings contribute to understanding the transport of charges over the

interfaces.

6.2 Introduction

NFAs have recently been developed with highly tenable photoelectronic properties (such
as light absorption and electron mobilities) and diverse structural variations for use in
OPV devices.! A well-known example is ITIC, which is based on small-molecule fused
rings, such as indacenodithiophene (IDT). ITIC has been shown to be a very promising
acceptor, especially when paired with PTB7-Th as the polymer donor, while ZnO has
commonly been used as a hole-blocking layer.>* Whether a given configuration of a PV
device can be efficient depends to a large degree on the relative position of the energy
levels (i.e., electronic structure) across the interfaces in the device. The energy levels
facilitating the transport of the electrons need to show a gradient or transition across an
interface towards higher positive values, while the energy levels facilitating the transport

of the holes should change towards higher negative values.

The interfacial electronic structures of the configuration considered here, ZnO and NFA-

based organic materials, have not previously been studied in sufficient detail. For example,
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some studies have attempted to explain the electronic structures of bulk electronics,””’ yet
it is well known that the individual active layer could have quite different properties at
the interface with the CTL. The present work investigates the interfacial electronic
structure between ZnO and ITIC (an NFA material), the results of which will help to
inform the selection and synthesis of NFA materials for future generations of high-

performance organic semiconductor devices.®

A combination of in situ UPS and IPES in conjunction with XPS was used to directly
probe the energy levels of the occupied and unoccupied states at the interface of the BHJ
formed by PTB7-Th and ITIC with ZnO. The study showed a good alignment of the
energy levels between PTB7-Th/ITIC and ZnO, thus blocking the transfer of holes from
the active layer to the ZnO interfacial layer while facilitating the transfer of electrons
from ITIC (acceptor) to the electrode. The results also showed the formation of two
dipoles between PTB7-Th and ZnO. The first dipole was formed at the PTB7-Th/ZnO
interface, and the second dipole, with an opposite polarity to the first, was formed within

the PTB7-Th in the bulk of the BHJ, further away from the PTB7-Th/ZnO interface.

6.3 Experimental

6.3.1 Material and sample preparation

The materials and sample preparation used in this chapter are described in Chapter 3,

Section 3.2.2. The structures of PTB7-Th and ITIC are illustrated in Figure 6-1.
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Figure 6-1. (Top) Device structure using ZnO as the interface layer, and (Bottom) the
chemical structure of the polymer base PTB7-Th and ITIC.

6.3.2 Methods: electron and ion spectroscopy methods

Experimental details for electron spectroscopy (XPS, UPS and IPES) and NICISS are
described in Chapter 3. The analysis of UP spectra, including SVD analysis, are also
described in Chapter 3.

6.4 Results and Discussion

6.4.1 Film thickness - NICISS results

NICISS was used to determine the thickness of the PTB7-Th and ITIC layers deposited
on the ZnO film. The thickness of the layers was determined from the energy loss in the
overlayer (PTB7-Th and ITIC) attached to ZnO.!¢ The energy loss of the He projectiles

was determined from the shift of the half onset of the Zn contribution in the NICIS spectra
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of the PTB7-Th and ITIC layers formed on ZnO. The energy backscattered spectra are

shown in Figure 6-2, and the layer thicknesses are shown in Table 6-1.
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Figure 6-2. (A) NICIS spectra of pristine ZnO and PTB7-Th layers deposited on ZnO
with different concentrations. (B) NICIS spectra of pristine ZnO and ITIC layers
deposited on ZnO with different concentrations.
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It must be noted that the layer thicknesses determined from the NICIS spectra are average
thicknesses. As can be seen in Figure 6-2, the depth profiles of Zn of the ITIC/ZnO
samples have a much shallower onset, demonstrating that the ITIC layer is

inhomogeneous in thickness.

Table 6-1
Thicknesses of the ITIC and PTB7-Th Layers Deposited on ZnO, Evaluated from NICISS
Accepter (ITIC) Donor (PTB7-Th) PTB7-Th
concentrations ITIC thickness concentrations thickness
(mg mL™1) (nm) £+ 0.4 nm (mg mL™) (nm) + 0.4 nm
1 5.1 1 3.1
1.3 7.8 2.5 4.9
1.5 8.6 4.5 6.8

6.4.2 Characterisation of chemical changes - XPS results

To understand the composition and chemical structure of the active layers/ZnO interfaces,
each material of PTB7-Th and ITIC deposited onto ZnO were studied separately with
XPS for different concentrations of the spin coating solutions of PTB7-Th and ITIC,
respectively. A pristine sample as a reference was also prepared by spin coating PTB7-

Th and ITIC directly onto ITO.

The chemical composition of PTB7-Th/ZnO interfaces
High-resolution XPS was used for the C, S, F, O and Zn for PTB7-Th/ZnO samples, and

all peck positions can be seen in Table S6-1. The Cls spectra in pristine PTB7-Th were
fitted with three peaks—C-C, C-S and C=0—at 284.9 £ 0.2 eV'7, 287.0+ 0.2 eV and
289.2+£0.2 eV,'® respectively (see Table S6-1). The C-S bond is likely at a similar

position to the C-N bond.

The Cls spectra for PTB7-Th/ZnO layers were fitted with three peaks—C-C, C-N'® and
C=0." The positions of the C-C peaks for all PTB7-Th/ZnO samples show a significant
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(~0.6 eV) shift towards higher binding energy after decreasing the thickness of the PTB7-

Th spin-coated on top of ZnO, as shown in Figure 6-3A.

The same finding was observed for the S 2ps/> peak, located at 164.1 + 0.2 eV for pristine
PTB7-Th, and the F1s peak, located at 687.7 + 0.2 eV for pristine PTB7-Th. Both S and
F peaks show a significant (~0.6 eV) shift towards higher binding energy after depositing
PTB7-Th layers on top of ZnO, as shown in Figures 6-3B and 6-3C, respectively. This
shift is likely an indication of a dipole forming at the PTB7-Th/ZnO interface and will be

discussed below.

However, the positions of Zn were 1,022.6 + 0.2 eV for the pristine ZnO sample and did
not change after depositing different thicknesses of PTB7-Th. This demonstrates that
these samples are not charging after depositing PTB7-Th on ZnO as shown in Figures 6-

3D. The peak positions of all the species are provided in Table S6-1.
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Figure 6-3. XPS results for PTB7-Th/ZnO interface. (A) shows the change in C-C,
(B) shows the change in S, (C) shows the change in F and (D) shows the peak positions
of Zn without any obvious shift.

The chemical composition of ITIC/ZnO interfaces

For the electron acceptor (ITIC), high-resolution XPS for Zn, S, N, C and O were applied

for the ITIC/ZnO interface, as shown in Table S6-2. The Cls spectra for pristine ITIC

were fitted with four peaks: 284.8 £ 0.2 eV,!” related to a C-C bond; 285.7+0.2 eV,

identified as a C-N bond?’; 286.6 + 0.2, assigned to a C-S and 287.6 eV, identified as a
C=0 bond (see Table S6-2).

The Cls spectra for ITIC/ZnO interfaces were fitted with two peaks, which are C-C and

C-N. The Cls peak position for ITIC/ZnO interfaces did not show any change after

depositing different ITIC layer thicknesses on ZnO, as shown in Figure 6-4A.
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Similarly, the S 2p3» peak for pristine ITIC and the ITIC/ZnO layer is found at
164.3 £ 0.2 eV?! and does not show any shift after decreasing the ITIC layer thicknesses,

as shown in Figure 6-4B.

The Nls spectra of the pristine ITIC were fitted with three peaks—399.2 +0.2 eV,
400.6 + 0.2 eV and 402.5 + 0.2 eV—corresponding to N=C, N-C and N-O?>%, The N1s
spectra of the ITIC/ZnO layered sample were fitted with one peak, 399.2 + 0.2, related to
N=C. This peak does not show any shift on the energy scale after decreasing the ITIC
layer thicknesses on ZnO, as shown in Figure 6-4C. This suggests that there is no electric

bias and dipole formation at the ITIC/ZnO interfaces.

It should be noted that the Zn peak shows a small but noticeable shift towards higher
binding energy after increasing the ITIC layer thickness on ZnO, as shown in Figure 6-
4D. In previous investigations, the surface of the interface layer did not show a shift in
binding energy, reflecting that it is connected to the underlying ITO. The reason could be
that either ZnO is chemically affected by ITIC, or that with an increasing amount of ITIC
at the interface, some of the ITIC is penetrating between ITO and ZnO. In either case, the
effect is small. All the peak positions of all the ITIC/ZnO interfaces are shown in Table
S6-2.
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Figure 6-4. XPS results for ITIC/ZnO interfaces layers. (A) shows the peak position of
C-C, (B) shows S peak positions, (C) shows N peak positions and (D) shows the peak
positions of Zn with transition shift.

6.4.3 Analysis of UP and IPE Spectra

Data evaluation of UPS and IPES

The electronic properties of PTB7-Th and ITIC on ZnO interfaces were analysed via UPS
and IPES. UPS and IPES were also individually applied to pristine ITIC, PTB7-Th and
ZnO to identify the position of the VB/Enomo from the UP spectra, and the CB/ELumo
from the IPE spectra. The procedure for determining the cut-off of VB and CB is
explained in Chapter 4, Section 4.4.3. The UPS and IPE spectra of each sample were
combined in one graph each and are shown in Figure 6-5. Table 6-2 shows the values of
VB/Enomo and CB/ErLumo obtained from UPS and IPES of pristine PTB7-Th, pristine
ITIC and pristine ZnO on ITO. All UPS and IPE spectra of the PTB7-Th/ZnO and

ITIC/ZnO interfaces with varying layer thickness are shown in Figure S6-1. The cut-offs
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of the VB regions are shown in Figures S6-2 and S6-3. All values are shown in Tables

S6-3 and S6-4.
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ITIC

Count rate(arb.u.)

Valence electron
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ZnO

4+ Conduction electron

8 7 6 5 4 3 2 1 0 -1
Binding Energy (eV)
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Figure 6-5. The plot of the CB/ELumo and VB/Enomo region as measured via UPS and
IPES of the PTB7-Th, ITIC and ZnO samples. For determining the cut-off for VB and
CB, the level of noise in the UP and IPE spectra must be considered, with the IPE spectra
showing a higher level of noise.
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Table 6-2
The Values of VB/Enomo, CB/ELumo and the Energy gap (Eg) of the PTB7-Th, ITIC and
ZnO Samples

Sample VB/Enomo (V) + 0.1 CB/ErLumo (eV) £ 0.1  Eg(eV)£0.1
Pristine PTB7-Th 0.6 -1.0 1.6
Pristine ITIC 1.0 -0.4 1.4
Pristine ZnO 3.1 —0.4 3.5

Note. All energies are indicated with a zero point at Fermi Level (Ef). The VB/Enowmo is
higher than the Fermi level and noted as positive, while the CB/ELumo is lower and
noted as negative.

Decomposition of valence electron spectra of UPS

The valence electron region of the UP spectra was analysed using the SVD method to
identify the components that constitute the measured spectra. Reference spectra
representing each constituting component and the corresponding weighting factors are
shown in Figure 6-6. The aim was to analyse the electronic structure of the PTB7-Th/ZnO

and ITIC/ZnO interfaces.

Figure 6-6A shows three reference spectra required to fit the whole set of measured
spectra of the PTB7-Th/ZnO interface. Reference A has features very similar to the
pristine ZnO spectrum and is thus considered as representing the same. Reference B and
reference C can be assigned to pristine PTB7-Th, as those references are similar in shape
to PTB7-Th spectra, as shown in Figure 6-6A. However, reference C is subject to an ~0.2
eV shift towards higher binding energy, as shown in Figure 6-6C. Such a reference
spectrum has been identified in our earlier work'® and represents the pristine polymer
being subject to a shift on the energy scale due to the formation of a dipole between the
polymer and the interface layer. Thus, the minor shift of PTB7-Th can be attributed to the

formation of a dipole between PTB7-Th and ZnO.
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Figure 6-6. The reference spectra of UPS (obtained from SVD analysis) for (A) PTB7-
Th/ZnO interfaces and (B) ITIC/ZnO interfaces. (C) The third reference of PTB7-Th/ZnO
interfaces, shifted towards higher binding energy by 0.2 eV. Note that Ref A and Pristine

ZnO overlap.

The weighting factors of the three reference spectra of the PTB7-Th/ZnO interface are

shown in Figure 6-7A. The weighting factors for ZnO (Ref A) show a decrease as PTB7-

Th (Ref B) increases in thickness concentration, as shown in Figure 6-7A. PTB7-Th (Ref

C) mainly shows the contributions of ZnO at 1 mg/mL and 2.5 mg/mL.

It must be noted that the weighting factors in this SVD analysis had to be normalised, as

the set of spectra was acquired over a longer period and the intensity of the UV source

might have changed over this period.
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The UP spectra of ITIC/ZnO were analysed using SVD to investigate the change upon
the deposition of ITIC on ZnO. Two references were found in the ITIC/ZnO interface, as
shown in Figure 6-7B. Based on the shape of the spectra, reference A can be identified as
the ZnO spectrum, and reference B is assigned as ITIC. There is no notable shift for the
ITIC spectrum, meaning no dipole forms at the interface of TIC and ZnO. The weighting
factors for UPS for the two references can be seen in Figure 6-7B. Similar to the above,

the weighting factors can be applied here for the ITIC/ZnO interface.

It should be noted that the average layer thicknesses of ITIC and PTB7-Th exceed three
times the electron mean free path of the conditions for UPS. However, the ITIC and
PTB7-Th layers are inhomogeneous in thickness and so can be seen in UPS of the

ITIC/ZnO and PTB7-Th/ZnO samples.
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Figure 6-7. Weighting factors of UPS for (A) PTB7-Th/ZnO interfaces and (B)
ITIC/ZnO interfaces.

Interpretation of the electron spectra

The samples of PTB7-Th and ITIC, with a range of layer thicknesses, deposited onto ZnO
were used to analyse the structure of the PTB7-Th/ZnO and ITIC/ZnO interfaces. From
UPS results, it was found that the ITIC spectra show no shift on the energy scale after

deposition onto ZnO, indicating that there is no dipole formed at the ITIC/ZnO interface.
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Conversely, the PTB7-Th spectra show a shift of +0.2 eV on the energy scale after
deposition onto ZnO, caused by the formation of a weak dipole between PTB7-Th and
ZnO. This shift is towards higher binding energy, indicating that the dipole direction is
from PTB7-Th to ZnO; that is, the positive end of the dipole is directed towards PTB7-
Th, while the negative end moves towards the buried layer of ZnO. XPS results confirmed
the formation of a dipole between PTB7-Th and ZnO; S and F, which are linked to the
functional groups of PTB7-Th, exhibited a ~0.6 eV + 0.1 shift towards higher binding

energy with increasing thickness of PTB7-Th on ZnO.

The differences in the dipole strength identified via XPS and UPS mean two dipoles are
formed between PTB7-Th and ZnO. The first dipole is formed directly at the PTB7-
Th/ZnO interface, and the second dipole, with an opposite polarity to the first, is formed
within the PTB7-Th layer. The second dipole adds to the dipole at the PTB7-Th/ZnO
interface and, due to its opposite orientation, diminishes the overall dipole between PTB7-
Th and ZnO. This conclusion is supported by the observed shift in the peak positions of
S and F as a function of PTB7-Th layer thickness. Similar results were found by Chen et
al., who investigated the dipole at the interface between the electron transport material
BPhen (at different thicknesses) and a range of different conducting substrates.?* Their
results showed two types of interface dipoles were formed: one at the interface and a
second—named the ‘double dipole step’—induced by the positive and negative charged

species of BPhen when they are close to the surface of substrates.>*

The differences in the dipole strength found via XPS and UPS in our work are due to
differences in the probing depth. UPS, with the comparatively smaller probing depth,
probes the region where the two dipoles have diminished the overall dipole due to their
opposite polarity. XPS probes deeper, thus detecting a stronger contribution from the
PTB7-Th/ZnO interface and showing a different dipole. For the ITIC/ZnO interface, the

positions of S and N (being a part of ITIC) are consistent with the UPS results that show
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no shift when increasing the thickness of ITIC on ZnO. This demonstrates that there is no

molecular orientation at the ITIC/ZnO interface.

Energy levels modelling and implications for charge transport (CT) over the
interface

The XPS, UPS and IPES results can be combined in an energy level diagram of the PTB7-
Th/ZnO and ITIC/ZnO interfaces, as shown in Figure 6-8. In an OPV system, the
electrons would be transferred only from the accepter to ZnO and holes from the donor
to the high WF materials. The XPS-detected shift in the energy scale towards higher
binding energy for PTB7-Th is 0.6 = 0.1 eV due to the dipole formation at the PTB7-
Th/ZnO interface. This shift pushes the Enomo and ELomo of PTB7-Th downward. With
this shift, the VB/Enomo of PTB7-Th is still far from the VB/Enomo of ZnO, which blocks
the hole transfer from PTB7-Th to ZnO, as shown in Figure 6-8A.

Figure 6-8B shows the energy level between ITIC and ZnO. There is no dipole formed at
the ITIC/ZnO interfaces. In this case, no change in the position of Enomo and ELomo of
ITIC would apply compared to the reference substrate. The CB/ELumo of ITIC is aligned

with the CB/ELumo of ZnO; thus, electrons can be transferred to ZnO.

Overall, the desired charge transfer processes using ZnO meet the expectation of blocking
the hole and facilitating the electron transfer to ITIC—since the CB/ErLumo of PTB7-Th
with the shift is still aligning with the CB/ELumo of ITIC, which, ultimately, would allow

the transport of electrons over the interface.
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Figure 6-8. The energy level of (A) PTB7-Th/ZnO/ITO and (B) ITIC/ZnO/ITO and the
CT over the interface layers. VL, vacuum level.

6.5 Conclusion

The electronic structures at the PTB7-Th/ZnO and ITIC/ZnO interfaces were investigated.
XPS and UPS were used to study the chemical and electronic properties at the interfaces
upon deposition of different active layers onto ZnO. It was found that two dipoles were
formed when PTB7-Th was deposited onto ZnO: one at the PTB7-Th/ZnO interface, and
a second (with opposite polarity) within the PTB7-Th layer. The formation of these
dipoles was confirmed by analysing the shifts of the PTB7-Th components (via XPS) and
VB region (via UPS). In contrast, no dipole was found at the ITIC/ZnO interface. The
complete energy level structure at the interfaces was constructed and shows that the

energy levels are suitable for CT between ZnO and PTB7-Th/ITIC.
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7.1 Abstract

The effect of adding p-anisaldehyde (AA) solvent to the ink containing PTB7-Th and ITIC
on the morphology of the active layer was investigated. The present study focuses on
determining the effect of the additive on the compositions at the surface of the PTB7-Th:
ITIC composite and its morphology forming one side of the interface of the blend with
the MoOx electrode and the influence of the structural change on the performance of

devices.

Studies of the device performance show that the additive AA leads to an improvement in
device performance. Upon the addition of AA, the concentration of PTB7-Th at the
surface of the BHJ increases, causing an increase in surface roughness of the BHJ surface.
This finding contributes to an understanding of the interaction between the donor material

and high WF electrode/interface material. The implication for the interface is discussed.

7.2 Introduction

OPV devices consist of organic-based electron donor and acceptor materials that have
well-designed molecular structures, appropriate energy levels and wide absorption in the
visible spectrum, which has demonstrated a PCE of greater than 19%."* However, by
optimising the morphology of the BHJ, a high-performance OPV can be achieved more
readily. With the optimisation of the BHJ structure, a sufficient interfacial contact
between the donor and acceptor components of the BHJ allows for adequate exciton
dissociation into free charges.® The control of the morphology, which influences the

domain size and component distribution across the interface, can then be achieved.*

Many factors can influence the morphology, including a selection of solvents and
additives used in the solution preparation, donor/acceptor ratio and thermal and solvent

conditions of annealing the films. It has significantly contributed to an effective charge
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transport (CT) that comes from the interconnectivity of the donor and acceptor phases
and a proper phase separation between them, which can lead to improved charge
separation.® Further, tuning the crystallinity of the active layer’ and the domain size
could affect the charge carrier mobility. This can be achieved by introducing thiol
groups,'® incorporations of electron-withdrawing groups in thiophene polymers'! or

through the use of different solvent mixtures.!!3

To improve the efficiency of the device performance through the manipulation of the BHJ,
many studies have focused on additives in the solvents that affect the aggregation of
active materials, ultimately influencing the film morphology and device efficiencies.'
Gurney et al. studied the effect of solvent vapour annealing on the performance of devices
based PTB7-Th: ITIC. They found that the annealing process of the solvent impacts on
the morphology of the BHJ, which resulted in a better phase separation of BHJ."> A
similar study was done by Wang, who investigated the influence of the solvents on the
crystallinity of the acceptor (ITIC) phase. They found an improvement in the V. and the
film morphology (PTB7-Th: ITIC).!¢

Typically, solvent additives have a higher boiling point than the main solvent. They are
able to dissolve at least one of the two blend components.!” A number of additive studies
have been conducted with alkane dithiols and halogenated alkanes.!’ In most polymer
fullerene systems, halogenated solvent additives such as 1,8-diiodooctane (DIO) are
added to the active layer ink prior to deposition. The addition of DIO has been found to
dissolve 6,6-PCBM selectively and achieve better phase separation and domain purity,
thus improving device performance.'®! The addition of DIO to a system that uses non-
fullerene acceptors, such as PTB7-Th: ITIC, resulted in large domains in the BHJ, which
increased the probability of charge recombination and thus a reduction in
performance.?>?® This indicated that the processing methods must be tailored to the

specific properties of the material. In addition to affecting solution miscibility, the high
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boiling point of DIO limits solvent evaporation and drying time, leading to a more ordered

and crystalline film.*"

A direct comparison of PTB7-Th devices with either PC71BM or ITIC acceptors resulted
in an outcome that indicated that 3 wt.% DIO optimised the domain sizes and purity in
the fullerene system, whereas similar conditions yielded stronger separated phases in the
non-fullerene system.?** In another study, Zhao et al. discovered the benefits of using
DIO as a solvent additive in other non-fullerene systems. The findings showed that adding
0.5 wt.% DIO contributed to the creation of a favourable aggregation, leading to an
improvement in CT, low recombination and high performance, which enabled poly[(2,6-
(4,8-bis-5-(2-ethylhexyl)thiophen-2-yl)benzo[ 1,2-b:4,5-b"]|dithiophene)-co-(1,3-di(5-
thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[ 1,2-c:4,5-c"]dithiophene-4,8-dione)]
(PBDB-T): ITIC to outperform its fullerene counterpart.”> Hence, it is possible that the
orientation of the alkyl side chains found on the IDT backbone interacts with the DIO,
resulting in better miscibility by lowering steric hindrance between the molecules, thereby
enhancing finer phase separation and creating purer crystalline phases.?® However,
according to Zhan et al., different mixing enthalpies renders the control of donor polymers
mixing with NFAs difficult.’’ This limitation hinders the realisation of an optimal
microstructure for enabling pure and mixed domains in NFA systems with solvent
additives.”®3% Therefore, typical optimisation approaches adopted in fullerene-based

procedures may lack validity for NFA SCs.

Despite the advantages of using high boiling-point solvent additives, the slow process of
evaporation means slower fabrication times, such as holding the device under vacuum for
long periods of time to eliminate residual solvent. Any remaining residual solvent within
the active layer could result in the formation of radicals under UV illumination®! or the

creation of a pathway for oxygen penetration, thereby resulting in film degradation.>>

A further factor influencing the device performance is phase segregation and

concentration distribution of the donor and acceptor.**3® In simple terms, the
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transmission of a hole along consecutive donor domains will benefit from interfaces that
are donor-rich at the anode and vice versa. As an example, it was proposed that increasing
the surface coverage of P3HT at the anode would result in an improved conventional
OPV; however, device performances were not strictly based on the measured vertical

stratification.'?-°

In the literature, BHJ are reported to have a high donor concentration at the surface in the
inverted OPV. Chen et al. investigated the effects of the fluorinated counterparts on the
concentration gradient, and they explored a higher concentration of donor in the BHJ
before and after the fluorination. The fluorination of NFAs reduces the number of donors
in this donor-rich region, encouraging the mixing of donors and acceptors for the
generation of efficient charges.*® Although the concentration distribution has been well
studied, identifying the composition of blends at the surfaces has not been studied with
the same rigour. We anticipate that the donor, which facilitates the hole transfer to the
high WF electrode, should be enriched at the interface with the high WF electrode, which
would significantly expand our understanding of the functions of BHJ-based OPVs.
Huang et al. investigated the effect of using p-anisaldehyde (AA) on the device
performance based on poly[(2,6-(4,8-bis-5- (2-ethylhexyl)thiophen-2-yl)benzo[1,2-
b:4,5-b']dithiophene)-co-(1,3-di(5-thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[ 1,2-

c:4,5-c'|dithiophene-4,8-dione)]:poly {[N,NO-bis(2-octyldodecyl) naphthalene 1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5'-(2,2'-bithiophene)} (PBDB-T: N2200). They found
the interfacial contact between PBDB-T and N2200 itself and between the active layer
and PEDOT: PSS improved, which led to the promotion of the efficient exciton

dissociation.*!

In this work, we modified the compositions of the active layer by introducing AA as an
additive. AA has both an oleophilic methoxy group and a hydrophilic aldehyde group.
The purpose of adding AA is to optimise the interfacial compatibility of PTB7-Th and

ITIC by increasing the PTB7-Th concentration at the interface. AA is non-toxic and has
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a high volatility, allowing for its complete evaporation during the spin coating process of
the active layer.*> The focus of this study is to understand the composition of the surface
and near-surface area of the blend based on PTB7-Th: ITIC with the effect of AA additive.
In inverted devices, it is required to have a sufficient electron donor concentration at the
high WF electrode. Since the energy levels between the donor (PTB7-Th) and MoOx are
rather close, the donor enrichment at the interface is beneficial for CT to MoOx. For our
work, we apply NICISS as a depth profiling technique to quantitatively determine the
concentration depth profiles at the surface with a depth resolution of a few A and thus
determine the concentration of materials present at the surface. We report the effect of
the additive AA solvent on the composition of the sample at the surface and on the surface
morphology. We show that AA has a beneficial effect on phase separation, increasing the

donor at the surface and improving device performance.

7.3 Experimental

7.3.1 Material and device fabrication

PTB7-Th (Mn = 80 000) was purchased from 1-Materials Inc. and the acceptor polymer
ITIC was purchased from Raynergy Tek Inc. o-Xylene and AA were purchased from
Sigma-Aldrich, whereas acetone and 2-propanol were supplied by Chem-Supply. All

solvents were used directly without purification.
The procedure for preparing ZnO can be found in Chapter 3, Section 3.2.2.

The BHJ blend films of devices, PTB7-Th: ITIC inverted polymer SC were fabricated
using a non-toxic solvent additive AA and host solvent o-xylene. Devices were fabricated
in a glass/ITO/ZnO/PTB7-Th: ITIC/MoOx/Ag device configuration. The active layer ink
was prepared by dissolving active layer materials, with a donor:acceptor weight-to-
weight ratio of 1:1.3, in o-xylene (total 19.5 mg mL™"), either with or without 2% V/V

AA. The AA additive has been tested in the literature for a different system and recorded
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the highest efficiency at 2%.* Here, we choose the same AA concentration. Active layer
ink was mixed overnight at 75 °C under vigorous stirring. With the prepared ink, the
solution was spin-coated over the ZnO film at 2,500 rpm for 60 seconds for the controlled
and modified devices, respectively. The chemical structure of PTB7-Th, ITIC and AA is

illustrated in Figure 7-1.

[e]

@A”
HaCO

p-anisaldehyde

Ag

. |

ITO coated glass

Figure 7-1. (Left) The chemical structures of PTB7-Th, ITIC and AA, and (Right) the
device structure.

After the spin coating of the active layer, the devices were vacuum dried in an evaporation
chamber at 10~® mbar for a further hour after the chamber pressure had reached 10~° mbar.
After vacuum drying, MoOx and Ag were deposited via the following method. The MoOx
(12 nm) was thermally deposited on the BHJ layer under high vacuum using a Covap
thermal evaporation system (Angstrom Engineering). This was followed by the
evaporation of the Ag electrode (80 nm) using a shadow mask to define the active area to

0.1 cm?.
7.3.2 Device performance

The SC devices were measured using an Oriel Solar simulator fitted with a 150 W Xeon
lamp (Newport), filtered to give an output of 100 mW cm™ at 1.5 AM standard and

calibrated using a silicon reference cell with NIST traceable certification. Device testing
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was conducted under ambient conditions. The averages were based on six inverted

devices with a defined device area of 0.1 cm?.
7.3.3 Neutral impact collision ion spectroscopy

The NICISS results are presented as a spectrum consisting of individual peaks and steps
representative of the different elements in the sample. The first peak in the NICISS spectra

is the photon peak, which corresponds to the first He" interactions with the sample surface.

In non-deconvoluted NICISS, concentration depth profile count rate can be found at
negative depth. This count rate at negative depth does not have any physical meaning in
the sense of concentration at negative depth. The effect is related to the finite energy
resolution of the method and explained in detail elsewhere.**** The elements investigated
in this work are sulphur, fluorine, oxygen, nitrogen and carbon. A previous investigation
by our lab using NICISS determined the composition of the surface and near-surface area
of a blend of P3HT: PCBM, identifying a layered structure at the surface.*> The known
bulk concentration of a sample is used to convert the measured count rate into

concentration.*® The description of NICISS can be found in Chapter 3.
7.3.4 Atomic force microscope

The BHIJ layer topography is crucial for achieving high PCE SCs. AFM was run in
tapping mode to study the topography. In AFM tapping mode, a tip is attached to an
oscillating cantilever that scans the surface of a sample. Interactions between the tip and
the surface are registered as deviations of the oscillating pattern of the cantilever. These
deviations are monitored with a laser as the surface is scanned and then transferred into a

three-dimensional topography map. More details about AFM can be found in Chapter 3.
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7.4 Results and Discussion

7.4.1 Device performance

Prior to the BHJ investigation, and prior to deposition on the performance of the OPV
devices, it was important to determine the influence of the AA addition to the active layer
ink prior to deposition on the device performance of the OPVs. Comparing the
performance of devices with and without AA additive can be found in Table 7-1. To
reduce the potential traces of AA that could still be present in the active layer, we used
high vacuum drying (10°° mbar) as a surface/morphology treatment during fabrication.
This is an outcome of the work with the PTB7-Th: ITIC system, reaching a higher
efficiency using a more environmentally friendly solvent system and a novel drying
technique of the thin film. The common procedures for drying the BHJ layer and
removing any residual of the additive is by annealing the film at a specific

temperature.“o’42

Table 7-1
Device Characteristics of PTB7-Th: ITIC With and Without AA Additive

Device Jsc (MA cm™) Voe (V) FF PCE (%)
PTB7-Th: ITIC + 15.55+0.16 0.81 0.0/ 0.56+0.0/ 7.03+0.13
0% AA
PTB7-Th: ITIC + 1647 +0.18 0.80+0.0]  0.62+0.01 820+0.21
2% AA

Note. The averages were based on six inverted devices with a defined device area of

0.1 cm?.

The addition of AA to the active layer prior to the deposition of the active layer resulted
in an improvement of PCE from 7.03% to 8.20%, without and with AA, respectively.
This increase predominately resulted from the increase in Jsc and FF, whereas a minimal

change was observed for the V.
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In the literature, adding solvent additives to active layer inks improved morphology and
resulted in an improvement in the Jsc and FF.*’~*° By achieving a more performance, there
is a reduction in the probability of an electron-hole recombination, leading to an increase
in Jsc and FF.*® Concerning our results shown in Table 7-1, these findings demonstrate
that the use of AA, which has an oleophilic methoxy group and a hydrophilic aldehyde
group, is a very effective additive to the chosen BHJ to achieve excellent performance in
an OPV. A comparison table of the surface roughness and concentration of BHJ

with/without AA will be discussed below.
7.4.2 AFM results

To have a general understanding of the influence of the AA additive on the PTB7-Th:
ITIC morphology, AFM was used to investigate the surface morphology of the active
layer. It has been speculated that changes observed on the surface of the BHJ can be
related to changes to the morphology.’® AFM images of the surface of spin-coated PTB7-
Th: ITIC with and without AA additive are shown in Figure 7-2.
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BHJ + 0% AA

R.=1.1+0.1nm

Figure 7-2. AFM topography height (a and b) and phase (c and d) images (5 pm x 5 pm)
of the surface morphology of BHJ with 0% AA (a and c) and 2% AA (b and d). Average
R4 roughness was calculated from five scan locations per sample.

Based on the AFM images and calculated roughness values, significant changes to the
surface of the BHJ were observed when comparing active layers with and without AA
prior to deposition. First, the addition of AA resulted in an increase in feature size and in
surface roughness, indicating a likely increase in domain size. This increase in roughness
would usually result in an increased probability in charge recombination, as seen in
previous literature that prepared PTB7-Th: ITIC devices with the addition of DIO.?* It is
possible that the increase in roughness is related to the enhancement of polymer order and
crystallinity direction of the PTB7-Th.>'? This could lead to improved exciton

dissociation and CT in the photoactive film.
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7.4.3 NICISS results

Figure 7-3 shows the NICIS TOF spectra of layers of pristine PTB7-Th, pristine ITIC, a
blend (PTB7-Th: ITIC) with 2% AA and a blend (PTB7-Th: ITIC) without additive.
Vertical lines are an indication of the signal onset of the He projectiles backscattered from
the elements, constituting the sample. The heavier elements have higher kinetic energy,

thus backscattering
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Figure 7-3. NICIS TOF spectra of PTB7-Th, ITIC and a 1:1.3 blend of PTB7-Th and
ITIC. Signal onset of helium backscattered from sulphur, silicon, oxygen, nitrogen and
carbon is marked by vertical bars. The spectra are offset vertically for clarity.

Projectiles were detected at a lower TOF. The spectrum of PTB7-Th contains
contributions from sulphur (S), fluorine (F), oxygen (O) and carbon (C). A small signal
of silicon was obtained in PTB7-Th spectra, implying the presence of an impurity, most
likely siloxane.***** The spectrum of ITIC contains S, O, N and C. These elements are the
main components of ITIC. S, O and C can be identified in the blend spectra with and
without an additive. Mainly, the S at the BHJ showed enrichment at the surface, which

can be identified through the enhanced count rate at the onset of the step related to S.
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However, F and N could not be identified in the NICIS spectra, as their count rates are

too low to allow a proper evaluation.
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Figure 7-4. Comparison of the concentration profiles of BHJ with 2% AA and without
an additive. The dashed line indicates the bulk concentration of S for the ratio of 1:1.3
(the ratio of PTB7-Th: ITIC). The S to C ratio for the bulk in the spectrum of the BHJ can
be determined from the elemental composition of the individual components.

For determining the composition of the BHIJ at its surface, we evaluated the S
concentration depth profiles quantitatively for the BHJ samples with and without the AA
additive. As the first step, the TOF spectra for the BHJ were converted into a
concentration depth profile as described in reference.*® Converting count rate into
concentration requires to know the bulk concentration of one of the elements. In the
present case, the concentration of carbon has been used in combination with the C:S
intensity ratio as measured of the pristine PTB7-Th and ITIC. This allows us to determine
whether the S count rate in the spectra of the BHJ should be based on the known bulk

composition of the BHJ (1:1.3 ratio of PTB7-Th to ITIC). The count rate for the known
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bulk concentration was used as reference and set to unity. This relative measure for the

concentration is used for the y-axis in Figure 7-4.

To understand the distribution of the species forming the layers at the near-surface region,
we determined the concentration depth profile of S in the BHJ with and without additive,
as shown in Figure 7-4. In the measured profile, the zero-depth refers to the outermost
layer where the increase in the depth indicates the direction towards the bulk. Both depth
profiles of the S have the same onset close to 0 A, and the ratio of the profiles in the

subsurface is the same.

Figure 7-4 indicates a higher concentration of the S at the surface compared to the region
below the surface (i.e., at depth >40 A). This can be noted by an increase of the
concentration up to 40 A. The enhancement of the S is attributed to a greater presence of
the PTB7-Th at the surface of the BHJ than in the subsurface region (depth > 40 A). This
analysis of the concentrations is based on the chemical structure of PTB7-Th and ITIC
with the S concentration being higher in the PTB7-Th component than in the ITIC.
However, the distribution of the compositions throughout the BHJ is more complicated.
The concentration of PTB7-Th in the subsurface is depleted compared to the surface (see

Table 7-2).

Table 7-2
Surface Roughness and S Relative Concentration of the PTB7-Th: ITIC Device With and
Without AA

Device Surface roughness (nm) Relative concentration
(AFM) (NICISS)
PTB7-Th: ITIC + 0% AA 1.1+0.1 0.78 0.1
PTB7-Th: ITIC + 2% AA 54+0.1 0.90 0.1

Note. A relative concentration of 1 would mean that the surface concentration is the
same as the bulk concentration.

The presence of the PTB7-Th neither with additive nor without additive reached unity,

that is, the related bulk concentration (1:1.3) as shown through the dashed line in Figure
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7-4. The values of the surface concentration can be seen in Table 7-2. Hence, PTB7-Th
is depleted at the surface of the BHJ in both systems and thus must have segregated more
to the substrate/BHJ interface. Therefore, ITIC shows an overall enrichment in the surface
region compared with the PTB7-Th. This means that PTB7-Th does not occupy the whole
outermost layer. The possible reason for the depletion of PTB7-Th at the surface is
attributed to the drying behaviours for the two components. The drying process during
the spin-coated films could affect the distribution and lead to poor miscibility or
incompatible crystalline structure of PTB7-Th and ITIC and thus also influences the
formation of the crystalline structure. The solubility of materials within the active layer
ink plays an important role in the control of morphology; thus, it is a key factor when
selecting appropriate base solvents and additives.>*** In our studies, it is suspected the
PTB7-Th would remain in the solution longer than ITIC, giving the appearance of ITIC
drying faster than PTB7-Th. This is based on the solubility of ITIC, which is lesser than
PTB7-Th. As a result, ITIC will move into the solid phase sooner and precipitate first on
the surface. PTB7-Th remains quenched if no additive is used to transform the blend into

the equilibrium crystalline phase.

The second phenomenon is related to the difference of the ratio between the surface and
the subsurface, which is based on the surface energy of the two components. The depth
profile in Figure 7-4 shows a notable difference in the concentration of PTB7-Th at the
surface in the first few A (~0 to 40 A) and at subsurface (~50 to 100 A). That indicates
more concentration of PTB7-Th at the surface than the subsurface. As reported by Lin et
al., ITIC has a higher surface energy than PTB7-Th, which allows moving PTB7-Th
towards the surface.® A similar result was reported by Wang et al., who found strong
segregation of different components of PTB7-Th, PC71BM and m-ITIC in the ternary
system. The authors determined the surface energy and the wetting coefficient for the
components. PTB7-Th, with the component with lowest surface energy, being located at

the surface, and ITIC tended to be segregated between PTB7-Th and PC7:BM.>” However,

181



Chapter 7: Modification of the Surface Composition of PTB7-Th: ITIC Blend Using an Additive

their finding shows an estimation of the surface enrichment. The authors also did not

show a detailed profile distinguishing between the surface and subsurface.

After adding 2% of AA into the BHJ, the surface shows an increase in PTB7-Th
concentration. For a schematic showing of this enrichment, see Figure 7-5. The possible
reason for this phenomenon can be related to the change in the bulk properties of the BHJ
upon adding AA. The AA has an oleophilic methoxy and a hydrophilic aldehyde group
and it is a polar molecule with higher surface energy, which could drive the electron donor

to the surface.

I Acceptor 0 % AA I Acceptor 2% AA
[ Donor0%AA Acceptor-rich at [ | Donor 2% AA Less acceptor-rich
the top surface at the top surface
0 nm
100 nm

Figure 7-5. Schematic showing the effect of the AA additive on the donor enrichment at
the surface.

In the inverted devices, the energy levels between the donor (PTB7-Th) and MoOx are
closer, thus donor enrichment at the surface is beneficial for the CT and collection for an
inverted OPV. However, an enrichment of accepter in the surface region would result in
lesser intermixing of donors and acceptors and decrease the interfacial area for exciton

dissociation, which would result in reduced device performance.

7.5 Conclusion

The influence of AA as an additive on the PTB7-Th: ITIC ratio as the function of the

depth was investigated by measuring the concentration depth profile of S. The depth
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profiles of S were measured directly to determine the concentration of the compositions
at the surface and in the subsurface region. The results showed an overall enrichment of
ITIC at the top layer of the BHJ, followed by the PTB7-Th layer, revealing an enriched
layer of PTB7-Th at the substrate/BHJ interface. The difference in the PTB7-Th ratio at
the surface and subsurface regions is related to the difference of the surface energy of
PTB7-Th and ITIC. PTB7-Th has comparatively lower surface energy materials, thus
driving PTB7-Th towards the surface. The AA additive increased the concentration of
PTB7-Th at the surface and decreased that of ITIC. The enhancement of PTB7-Th at the
surface is beneficial for the CT to the MoOx electrode in the inverted OPV. AFM results
also showed that the addition of AA increased the feature size and roughness of the BHJ,
which improved exciton dissociation and CT in the photoactive film. Consequently, the
enhancement of the donor at the surface (after adding AA) results in improved PCE, from

7.03% to 8.20%.
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Chapter 8: Surface Passivation of Sputtered NiO, Using a SAM Interface Layer to Enhance the
Performance of PSCs

8.1 Abstract

Sputtered NiOx (sp-NiOy) is a preferred hole-transporting material for PSCs because of
its hole mobility, ease of manufacturability, good stability and suitable Er for hole
extraction. However, uncontrolled defects in sp-NiOx can limit the efficiency of SCs
fabricated with this hole-transporting layer. An interfacial layer has been proposed to
modify the sp-NiOyx/perovskite interface, which can contribute to improving the
crystallinity of the perovskite film. A self-assembled monolayer of [2-(3,6-dimethoxy-
9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) was used to modify a sp-NiOx
surface. We found that the MeO-2PACz interlayer improves the quality of the perovskite
film due to an enlarged domain size, reduced charge recombination at the sp-
NiOx/perovskite interface and passivation of the defects in sp-NiOx surfaces. Additionally,
the band tail states are also reduced, as indicated by PDS, which thus indicates a reduction
in defect levels. The overall outcome is an improvement in the device efficiency from
11.9% to 17.2% due to the modified sp-NiOx/perovskite interface, with an active area of
1 cm? (certified efficiency of 16.25%). Based on these results, the interfacial engineering
of the electronic properties of sp-NiOx/MeO-2PACz/perovskite is discussed in relation to

the improved device performance.

8.2 Introduction

PSCs offer several advantages because of their ease of fabrication, low cost and ability to
produce transparent, flexible, good-quality devices with a laminated output.'> The device
performance of PSCs with inverted structure is influenced by the HTL. Some
semiconductor materials that are used as HTMs in PSCs have attracted the attention of
researchers; these materials include PEDOT: PSS, CuO, graphene oxide, V20Os, PbS and
PTAA 37 The main reasons for preferring these inorganic HTMs over organic HTMs are

the higher hole-transporting ability and higher stability.
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Notably, NiOyx has been successfully applied as a wide band gap (3.6-4.0 eV) p-type
semiconductor material in an inverted structure.> ' The preference of NiOx is based on
its intrinsic properties, including suitable WF and adequate charge carrier mobility, which
can sufficiently match the energy level of perovskites by adjustment of the O*~ or Ni**
concentration.!!"!* Another advantage of NiOx is that multiple methods are applicable and

available for its deposition,'> !

where sputtering offers suitable control of the
composition of NiOx, allowing for roll-to-roll fabrication.'®!” Perovskite based on sp-
NiOx can show an operational stability as high as 4,000 h.?° According to its

2l NiOy is a Mott—Hubbard insulator. However, nonstoichiometric

stoichiometry,
composites (such as NiOOH and Ni»Os, and Ni** species) can be induced by the oxidation

of NiOx, which significantly improves the p-type conductivity.'’

Pristine NiOx has low conductivity, which may degrade hole extraction by aggravating
charge carrier recombination.?? Consequently, methods to increase the conductivity of
NiOx have emerged for treating NiOx.!!?>2° Notably, nickel vacancies dominate the p-
type conduction in non-treated NiOx.?® Moreover, the internal p-type conductivity is
limited because the Ni vacancies in untreated NiOx have a large IE. Consequently,
extrinsic treatments such as dopants, which contain shallow acceptor levels, are
preferred,”’ helping to increase the conductivity of NiOx and yielding enhanced

PSCS.24’28_30

Additionally, the charge carrier transfer is significantly affected by the interface
defects/traps occurring between the NiOx and perovskite layers because charge extraction
takes place at the interface, which suffers from charge recombination.’! These defects
may be minimised by introducing a layer between perovskite and NiOx. Moreover, the
introduced interface layer improves energy level matching; hence, this has become a
preferred method for realising further improvement of PSC performance.*? Further,
SAMs form layers by the self-assembly of surfactant molecules at surfaces. SAMs are

capable of being physiosorbed or chemisorbed onto a number of surfaces and forming
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extremely thin layers when they are applied using solution-processed techniques, such as
dip coating, slot-die coating, blade, spraying and spin coating.** Surface modification
using SAM has been widely applied in PSCs.?*3¢ Consequently, SAM-based HTL for
inverted PSCs have been used®’ and helped in achieving 21% efficiency for single-

junction devices.*

Bai et al.*! modified a NiOx crystal film surface using a small molecule (diethanolamine).
As a result, the chemical reaction rate of the conversion of Pbl, to MAPDI;
(MA™ = CH3NH3") was slowed down, creating a better interface and film quality. Zhang
et al.*? focused on reducing trap-assisted recombination between NiOx and perovskite
layer through introducing ferrocenedicarboxylic acid to modify NiOx. Hence, the
modifications yielded improved PCEs to 18.2% with improvement of the crystallisation
of the perovskite layer, hole transport and collection abilities. Further, the resulting PSCs
were stable, which concurs with another modification that was performed using ferrocene
dicarboxylic acid and PTAA. This modification attained better perovskite films with

1.3% investigated a

efficient hole extraction.** To passivate the NiOx surface, Wang et a
series of para-substituted benzoic acid (R-BA) SAM layers on NP NiOx. Consequently,
the devices that included SAM had PCEs of 18.4% and were less affected by trap-assisted
recombination, minimised energy offset between NiOx NP and perovskite and changed

the surface wettability.

Recently, it has been shown that modify NiOy is the key challenge to improve the Vo by
reducing the defects of NiOx.*#® Additionally, to reduce the surface defect and hydroxyl
group presented on NiOyx, Mann et al. used 3-(Triethoxysilyl)propylamine (TSPA) as a
SAM between NiOx and perovskite. They found that this SAM passivated the surface of

NiOx and reduced the recombination of the charge.*’

A new generation of SAMs, known as ([2-(3,6-dimethoxy-9H-carbazol-9-
ylethyl]phosphonic acid) (MeO-2PACz), were developed for the first time by Al-
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Ashouri et al. as hole-selective contacts with intrinsic scalability, ease of processing, low
cost and free of dopants. Another improvement entails enabling highly efficient p—i—n
PSCs and a record-efficiency monolithic perovskite/CIGSe tandem device.*® Further,
selecting SAMs for application in perovskite devices is an important factor, whereby [2-
(9H-carbazol-9-yl) ethyl]phosphonic acid) (2PACz) and MeO-2PACz can create an
interface that is energetically well aligned with the perovskite absorber with minimal non-
radiative recombination.*® After this, they further designed a tandem PSC using the same
SAM (MeO-2PACz) and found that a fast hole extraction was linked to a low ideality
factor.*” They also investigated the ITO surface coverage using MeO-2PACz on the top
surface and introduced NiO as the intermediate layer.** Lastly, Sun et al. developed a
method to enhance the interaction between the MeO-2PACz and ITO using sp-NiOx layer
with the triple-cation perovskite devices. The result shows that NiOx passivates the ITO
and prevents a direct contact between perovskite and ITO, which contributes to improving
the PCE.” Herein, we developed a similar strategy using sp-NiOx by coating MeO-
2PACz on top of sp-NiOx to study the surface defect of NiOx and perovskite interfaces
using different analytical techniques with the commonly wused perovskite
methylammonium lead iodide (MAPbI3). Despite these remarkable contributions, the
application of MeO-2PACz, by modulating the crystal contact or layer between
NiOx/perovskite, requires further investigation. Therefore, the current study involves a
systematic investigation of the effect of MeO-2PACz on a NiOx layer. Second, an in-
depth analysis of the defect at NiOx and perovskite layers is conducted, where a thin layer

of MeO-2PACz is inserted, as illustrated in Figure 8-1.
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Figure 8-1. (Left) Schematic representation of the device structure and (Right) chemical
structure of MeO-2PACz.

The surface functional groups of NiOx are composed of hydroxylated groups>'>? that react
with phosphonic groups.*!* Hence, the three main goals of a SAM are 1) a SAM that can
synchronously contribute to improving the crystallinity and stability of the perovskite
layer, 2) a SAM that can passivate the defects of the interface, and 3) a SAM that can be
applied to have superior interface contact properties compared to the plain NiOy layer.
The current work shows that MeO-2PACz reduces the defects in sp-NiOx and enhances
the quality of the perovskite film by enlarging the domain size, increasing the charge
attraction efficiency and reducing charge recombination. In this case, PSCs with a
modified sp-NiOx/perovskite interface yielded PCEs of 17.2% with an active area of
1 cm? (certified efficiency of 16.25%; see Figure S8-3). Therefore, the outcome proves
that it is feasible to treat the sp-NiOyx/perovskite interface because the performance of

PSCs with a sp-NiOx HTL is significantly improved.

8.3 Experimental

8.3.1 Structure of the device

The device containing the SAM interface had the following structure: ITO-coated
glass/sp-NiOx/MeO-2PACz/perovskite, CH3NH3PbI3/PC61BM/AZO/Ag, as illustrated
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in Figure 8-1. In this representation, sp-NiOx acts as the HTL layer, which blocks
electrons, and PC61BM/AZO acts as the ETL. Materials and sample preparation are
described in Chapter 3, Section 3.2.3. Experimental details about XRD, PDS and SEM

can be found in Chapter 3.

8.4 Results and Discussion

8.4.1 Understanding the effect of MeO-2PACz (SAM) on the NiOx layer

A correlative investigation was conducted into the impact of the MeO-2PACz (SAM)
interface on NiOx and its influence on the performance of an SC device. Hence, the focus
is to understand the properties and crystallisation of the NiOx film and the interaction

between NiOx and MeO-2PACz.
8.4.1.1 Structural and optical characterisation of NiOx

Treatment of NiOx with MeO-2PACz was investigated through SEM, as shown in Figures
8-2(a) and 8-2(b). The surface morphology of the pristine NiOx film and treated NiOx
films were investigated, where minimal changes were observed. In this case, the results
depict the same domain size and good coverage. Notably, the SEM images do not show
a significant difference, implying that with or without the MeO-2PACz layer, the

morphological properties are retained.
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Figure 8-2. (a and b) SEM images of NiOx before and after treatment with MeO-2PACz
SAM. (c) XRD patterns for NiOx. (d) XRD patterns for NiOx/MeO-2PACz SAM.

The transmittance of NiOx and NiOx/MeO-2PACz was investigated, as shown in Figure
S8-1, using UV-vis transmittance spectra. The same NiOy substrate was measured before
and after MeO-2PACz treatment to show the minimal change by the introduction of the
SAM.

The crystallinity of the film was studied using XRD, and the results are presented in
Figure 8-2(c) and 8-2(d), in which the evolution of the XRD patterns obtained for the
NiOx film and the field after being modified with MeO-2PACz are shown. The dominant
(111), (200) and (220) peaks fit well to crystalline NiO.>* Notably, in the two films, there
are no significant changes, which means that the SAM of MeO-2PACz should not change

the crystal structure of NiOx.
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8.4.1.2 Surface analysis for NiOx

XPS was conducted to investigate the properties of NiOy. In this case, the chemical
components of the pristine NiOx film and NiOx/MeO-2PACz were analysed. The
characteristic peaks for Ni 2ps3» and O 1s are presented in Figure 8-3. Further,
decomposition of the XPS spectrum shows that the Ni 2p spectrum can be fitted by two
oxidation states: Ni** and Ni**. The other two peaks are related to satellite peaks. Ni*" is
found at 853.7 ¢V and 854.1 eV for the pristine NiOx and modified NiOyx surfaces,
respectively, as shown in Figures 8-3(a) and 8-3(c). This peak corresponds to NiOs
octahedral bonding in the cubic rock-salt NiO structure.’> Another peak was observed at
855.3 eV for pristine NiO and at 855.7 eV for modified NiOy, which can be attributed to
Ni** comprising NIOOH>® and Ni203.>**7 In previous studies, this peak has been assigned
to the O vacancy in NiOx.!> The broad peaks observed at 860.6 eV and 864.4 eV are
assigned to the shake-up processes (satellites) for NiO.7*°® After treating the NiO film, a
significant decrease in the integrated area of overall Ni peaks, as summarised in Table 8-
1. Notably, a shift of ~0.5 eV was observed for the dominant peaks in Ni 2p3> for pristine
and treated NiOx, implying that electron transfer occurs. This is similar to a previous

result,>’

which showed a shift in the core component of NiO after the treatment. In
conclusion, the surface passivation cannot be supported by the XPS results. Additionally,
a high-resolution XP spectra for the Cls and Nls are shown in the Figure S8-2. The
position for Cls peaks for pristine NiOx as the first peak was obtained at 284.9 eV and
can be assigned to the C-C bond, whereas the second peak was at 286.4 eV and can be
identified as representing the C-O-C bond. A third peak is found at the position of
288.3 eV, which is related to C=0. The NiOx with the MeO-2PACz layer has three Cls
peaks, at 284.9 eV, 286.4 eV and 288.6 eV, related to C-C, C-O-C and C=0, respectively.
The N1s spectrum was found in the NiOx with the MeO-2PACz layer at 400.1 eV, as

shown in Figure S8-2.
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Figure 8-3. XPS surface spectra: (a) Ni 2p3,2 for pristine NiOx, (b) O 1s for pristine NiOx,
(c) Ni 2p3.2 for NiOx treated with MeO-2PACz and (d) O 1s for NiOx treated with MeO-
2PACz.
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Table 8-1

Summary of the Relative Intensity of the Ni 2p, O 1s and P 2p Peaks Showing the Area
Under the Curve for the Pristine NiOx and NiOx/MeO-2PACz Samples Obtained from
XPS

CONTROL (NIOX) NIOX/MEQO-2PACZ

ELEMENTS Peaks Position Integrated Position Integrated
(eV) the area % (eV) the area %
NI 2P ‘ Ni** (NiO) 853.7 2.6 854.1 1.8
Ni3+
(NiOOH), 855.3 10.8 855.7 7.8
Ni203
o1Ss0 NiO (Ni?") 529.2 21.8 529.6 18.2
Ni.Os (Ni*")  530.9 13.1 531.3 11.7
NiOOH 531.7 6.5 532.1 59
OH 533.0 1.4 533.2 43
P 2P 2P3p - - 133.1 1.2
2P - - 133.9 0.6

The binding energy in the O 1s spectra was resolved into four main oxygen states, as
shown in Figures 8-3(b) and 8-3(d). The peaks at 529.2 eV and 529.6 eV are attributed to
NiO or Ni** %7 for pristine NiOx and NiOx/MeO-2PACz. Moreover, the peaks at 530.9 eV
for pristine NiOx and 531.3 eV for NiOx/MeO-2PACz are assigned to O-bonded Ni>O3 or
Ni**, as reported previously.”” Additionally, an increased amount of Ni»O3 has been
reported to contribute to an increased WF.%® The peaks at 531.7 eV and 532.1 eV are
related to NiIOOH.®'~®* The higher binding energy at 533 eV is attributed to hydroxyl (OH)
groups,®* and the intensity of this peak increases after the treatment, which is probably

because of the OH group present in the MeO-2PACz structure.

Evidence that N1Ox surface was covered with MiO-2PACz after the treatment is indicated

by the P 2p peak observed for the two phosphates and metaphosphate, as shown by the
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XPS spectra in Figure S8-2. Because the main P 2p binding energy is 133.1 eV, this peak

is attributed to phosphate groups, which indicates a phosphorous binding state.>’

8.4.2 Understanding the role of MeO-2PACz (SAM) on a perovskite film

Understanding the impact of MeO-2PACz (SAM) on the performance of perovskite
devices requires investigating the morphology and optical properties of perovskite films.
Additionally, the defect level at the NiOx/MeO-2PACz interface and the effect of the
treatment on the energy level are investigated.

8.4.2.1 Effect of surface modification on the morphology of perovskite film and

the optical properties of perovskite film after treating NiOx

SEM analysis was carried out to gain insights into the perovskite morphology on NiOx
and NiOx/MeO-2PACz, as shown in Figure 8-4 (a—d). A significant difference in
perovskite domain size when deposited onto the MeO-2PACz layer is obtained from the
quantified domain size. Based on the surface SEM images, an increase in domain size is
observed because of the MeO-2PACz interface layer. Hence, treating NiOx with MeO-
2PACz influences the perovskite’s bulk properties with uniform perovskite crystallinity
because of the passivation of the surface defect in NiOy, leading to a slight enhancement
in domain size; here, suppression of recombination is expected. SEM images of the cross-
section of samples with a layered structure ITO/NiOx/MeO-2PACz/perovskite indicate

no significant morphological difference for the perovskite.
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Figure 8-4. SEM images of perovskite (PVK) films: (a) top surface SEM without
treatment, (b) top surface SEM with MeO-2PACz interface, (c) cross-sectional scanning
image without treatment and (d) cross-sectional scanning image with a MeO-2PACz
interface.

Steady-state PL and TRPL were performed to investigate the photophysical properties of
perovskite films with and without the MeO-2PACz interface layer. Figure 8-5(a) shows
the PL results obtained for the perovskite films. The PL intensities are increased after
MeO-2PACz treatment, which indicates a significant suppression of recombination in the
perovskite layer.®> Further measurements included TRPL analysis, which aimed to
understand the recombination lifetime in perovskites. The results are illustrated in Figure
8-5(b), which shows the control perovskite device and modified film with a MeO-2PACz
layer. A single wavelength of 402 nm was applied as an excitation source. Figure 8-5(b)

shows the firster decay reflecting the firster charge injection into the MeO-2PACz-treated

interface. Effective transfer of the charge carrier was attained for the modified sample
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according to the TRPL results. A higher steady-state PL indicates slightly better surface
passivation; thus, the faster TRPL decay likely stems from CT and not higher non-

radiative recombination.
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Figure 8-5. (a) Steady-state PL for perovskite films with and without treatment. (b) TRPL
measured for perovskite films with and without treatment. (c) XRD patterns for
perovskite films on pristine NiOx. (d) XRD patterns for modified NiOx.

The PL and TRPL results indicate the role of the MeO-2PACz layer in surface passivation.
Hence, these results explain the enhancement of the Jsc for MeO-2PACz-modified PSCs,

which will be discussed later.

The XRD results for perovskite films with and without the MeO-2PACz layer are
presented in Figures 8-5(c) and 8-5(d), which indicates the effect of MeO-2PACz on the

surface. In this case, the diffraction peaks for the perovskite layer with the MeO-2PACz
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treatment are similar to the control film without a MeO-2PACz layer. However, a new
diffraction peak appears at 12°, which is attributed to Pbl,, indicating the presence of
unreacted Pbl> content in the perovskite film. Introducing the MeO-2PACz interface layer
between perovskite/NiOx results in the total disappearance of Pbl, crystals, which can be

explained by their conversion in the perovskite phase.

The XRD results obtained lead to the conclusion that NiOx without treatment affects the
perovskite film because of the improper perovskite crystallisation on NiOx without a
MeO-2PACz underlayer, resulting in the appearance of residual Pbl, that appears unclear.
However, the presence of H>O and OH groups and interstitial oxygen on NiOx or the
presence of Ni** in NiOx can cause improper perovskite crystallisation,!™18:66:67
Comparatively, the device containing the MeO-2PACz interface layer shows a better

passivation effect than perovskite/NiOx. Thus, the MeO-2PACz layer was utilised to

passivate the defects in the perovskite layer.
8.4.2.2 Studying the defect level at the interface

To further support our claim that the MeO-2PACz layer can passivate the NiOx surface,
PDS was used to further investigate the pristine NiOx and NiOx/perovskites; the results
obtained are compared with MeO-2PACz-treated NiOx, as shown in Figures 8-6(a) and
8-6(b). The intensity of the PDS signal measured for NiOx without treatment is higher
than that of the treated samples. Moreover, the slope of the spectrum depicts the structural
order of the surface. A quantitative description of disorder is indicated by the Urbach
energy, which is described as the inverse slope of the PDS signal. PDS signals are
observed to range from 4 eV to 3.2 eV, as shown in Figure 8-6(a), and from 1.65 eV to
~1.7 eV, as shown in Figure 8-6(b), indicating a reduction of the defect level at the NiOx
surfaces and NiOx/perovskite interface, respectively. Conversely, the Urbach energy
shows a decline in value with treated NiOy, indicating a reduction in the defect level.®®*

We can conclude that the MeO-2PACz layer can passivate the surface of NiOx, improving

the crystalline quality and decreasing the number of defects.
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Figure 8-6. PDS spectra and the Urbach energy as determined from the inverse slope of
the PDS signals for (a) NiOx and (b) perovskite.

8.4.3 Effect of surface modification on PV properties

The effects of surface modification were investigated, as shown in Figures 8-7(a) and 8-
7(b). Figure 8-7(a) represents the J-V, a characteristic control for a perovskite device and
a modified device with a MeO-2PACz SAM layer. Figure 8-7(b) shows the EQE spectra

for the control perovskite device and modified device with the SAM layer.
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Figure 8-7. (a) Representative J-V characteristics for the control perovskite device and
the device modified using the MeO-2PACz interface layer. (b) EQE spectra for the
control perovskite device and the device modified with a MeO-2PACz interface layer.
Integrated Jsc for the MeO-2PACz treated and untreated devices are 17.7 mA/cm? and

16.3 mA/cm>.
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The results are summarised in Table 8-2, indicating the average device parameters for
PSCs, where the data for the control device and device modified with the MeO-2PACz
interface layer are presented. The average results are derived from measurements for eight

PSC devices for each condition (see Figure S8-6).

Table 8-2
Device Parameters for PSCs Including the Control Devices and Devices Modified Using
a SAM Layer Interface

Device Jse Voe FF Rs R n
(mA/cm?) W) (%) (Q cm?) (Q cm?) (%)
Perovskite/ 17.3£0.68 1.0+0.06 0.7+0.03 8.7+2.08 1.027.5+334.78 11.9+0.74
NiOy

Perovskite/ 20.1+0.18 1.11+£0.01 08=+0.01 4.8+045 4810.7+43798 17.2+0.03
MeO-
2PACz/NiOy

Note. The results are derived from the eight PSC devices for each condition.

The effect of film quality on carrier recombination was studied by comparing the PV
performance of the fabricated devices with and without the MeO-2PACz treatment. The
J-V characteristics with and without MeO-2PACz treatment were analysed, as shown in
Figure 8-7(a). Notably, the PCEs for the devices with and without MeO-2PACz treatment
were determined to be 17.2% and 11.9%. The devices were fabricated under the same
conditions, and the results are summarised in Table 8-2. The results indicate a significant
enhancement of Vo, Jsc, FF and Rgn for the MeO-2PACz-treated device compared to the
untreated device. The certified data for the MeO-2PACz-treated device are shown in
Figure S8-3, with an efficiency of 16.25%. The preliminary stability testing over 100
hours was also conducted under maximum power point tracking (MPPT) conditions. The
MeO-2PACz-treated and untreated devices revealed similar performance, as shown in

Figure S8-4, displaying almost no reduction in the PCE.

The EQE was measured to study the efficiency of photocurrent conversion. The results

show that the EQE covers the entire visible range from 300 nm to 800 nm for the treated
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devices and control device, as presented in Figure 8-7(b). The results confirm that the
MeO-2PACz-treated device has a higher EQE than the control device, and band gap

energies for both devices are about 1.55 eV, which is a typical value for MAPI perovskites.

An analysis of the IQE measurements for the devices was conducted, and the results are
presented in Figure S8-5. The values obtained correspond to the ratio of the carrier charge,
which is collected by the SC, to the number of photons absorbed under illumination. The
results show that the charge carriers generated and collected for SC operation are

significantly higher when the perovskite device is treated with MeO-2PACz.
8.4.4 Electronic properties and energy level for perovskite films

To determine the mechanism behind this improvement, the electronic structures of NiOx
with and without a MeO-2PACz interlayer were investigated using UPS. The UPS results
for NiOx and NiOx/MeO-2PACz, as measured under a —10 V bias for the VB, are shown
in Figure 8-8(a), and the secondary electrons are shown in Figure 8-8(b). Additionally,
the WF for pristine NiOx and NiOx covered with MeO-2PACz was determined to be

4.9 eV and 5.5 eV, respectively.
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Figure 8-8. UPS spectra for NiOx and NiOx/MeO-2PACz, as measured under a bias of —
10 V. (a) Valance band spectra for NiOx and NiOx/MeO-2PACz. (b) The WF (o) is
calculated using the equation ¢ = hv, with the secondary electron (SE) used as the cut-off.
(c) The energy level diagram for pristine NiOx (left) and NiOx/MeO-2PACz (right).

The obtained VB values for perovskite on NiOx and NiOx/MeO-2PACz are close to the
Ef, which improves the device performance by facilitating CT between perovskites and
NiOx, as shown in Figure 8-8(c). The values of the WF and IE for the perovskite layer
were taken from prior literature.?> Before MeO-2PACz treatment, an energy gap of 0.1 eV
between the VB maximum of perovskite and the VB maximum of NiOx can be observed,
which can lead to the formation of a hole trap at the interface for charge carriers with
insufficient kinetic energy to overcome the gap. After treating NiOx with MeO-2PACz,
the VB maximum of perovskite exceeded the VB maximum of NiOx. Thus, the energy
gap is compensated due to an energy shift, resulting in a proper energy level alignment
for hole transport over the interface. The energetic gap between the VB maximum of
perovskite and NiOx changes from +0.1 eV to —0.3 eV. More details for the extraction of

these values can be found in Table S§-1.
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8.5 Conclusion

In this study, we modified a HTL (NiOx) with a MeO-2PACz (SAM) layer. Inserting the
MeO-2PACz interface between a NiOx HTL and perovskite layer helped decrease defects
by passivation of NiOx. Based on the results obtained, the MeO-2PACz on NiOx interface
significantly improves the defect level and device performance. This performance
improvement can be attributed to a reduction in charge recombination, increase in
extraction efficiency and enhancement of the perovskite film quality with its large domain
size. The analysis further indicates that, generally, the introduction of MeO-2PACz
results in the passivation of NiOx surface defects, resulting in an enhancement of the
crystallisation. In summary, interface modification leads to various positive effects,
including better interfacial contact, better energy level alignment, enhanced
crystallisation and an increase in the PCE. Thus, our results offer a promising mechanism
for improving the performance of inorganic carrier transport layers in PSCs, which can
potentially be extended to other combinations of inorganic semiconductors and functional

organic molecule dopants in the future.
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Chapter 9: Conclusion and Future
Work

9.1 Conclusion

This thesis focuses on the further development of two main classes of SCs: OPVs and
PSCs. In OPVs, new organic cathode interface materials were investigated to be used for
blocking the holes and transferring electrons, while PSCs demonstrated SAM as
passivation interface layer. All the interfaces’ materials were studied with different
techniques to reveal their chemical and electronic properties, and the results were used to

describe the most feasible mechanism of CT.

In Chapter 4, a new organic cathode interface, P(NDI3N-T-Br), was examined in contact
with well-known active layers (TQ1 and N2200). Core electron spectroscopies showed
Cls, N1s (N=C) and S 2p species energetically biased at the interface and shifted to the
lower binding energy as a result of the dipole formation. The strength of the dipole
formation and its electrical field distribution were further investigated by analysing the
valence electron spectra and employing a decomposition algorithm. As a result, the
spectra of TQ1 experienced a significant shift in the binding energy, while those of N2200
experienced only a minor shift. A full diagram of the electronic states at the P(NDI3N-T-
Br)/active layer interfaces has been demonstrated and the mechanism of CT has been
discussed. Alignment of energy levels between TQI1, N2200 and P(NDI3N-T-Br) is
favourable and puts forward P(NDI3N-T-Br) as an effective hole-blocking material that
simultaneously allows the electron transfer to the interface layer when TQ1: N2200 is

applied in the active layer.

In Chapter 5, another new CIL, P(NDI3N-F8-Br), was investigated with PTB-Th: ITIC.

The results showed two dipoles formed at the interfaces of active layers/P(NDI3N-F8-Br)
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and across the layer thickness of the active materials. Inverted OPV using P(NDI3N-F8-
Br) as a CIL demonstrated a PCE of 3.2% compared to 6.8% for conventional devices.
The energy levels of the active layer PTB7-Th and ITIC with P(NDI3N-F8-Br) were
determined by UPS and IPES, and it was demonstrated that P(NDI3N-F8-Br) functioned
as a hole-blocking layer due to its high HOMO level. Further, P(NDI3N-F8-Br) has a
high LUMO level, which blocks electrons transferring from ITIC to P(NDI3N-F8-Br).
This could be a possible reason for the lower PCE. Thus, the energy level alignment at
PTB7-Th/ITIC with a common inorganic interface layer (ZnO) was investigated in

Chapter 6.

In Chapter 6, an additional investigation was undertaken to understand the electronic
structures of PTB7-Th and ITIC with an inorganic cathode interface (ZnO). The results
showed that the valance electron spectra of PTB7-Th shifted in the energy scale due to
the formation of a dipole at the PTB7-Th/ZnO interface. Conversely, the components of
ITIC did not show any shift in the valance electron spectra. Further, the results showed
that two dipoles formed at the PTB7-Th/ZnO interface. The first dipole was formed at the
PTB7-Th/ZnO interface with thin layers, while a dipole with opposite polarity was
formed within thicker PTB7-Th layers further away from the interface. The energy level
alignment meets the expectation of using ZnO as an interface layer in blocking the hole

and transferring the electrons at the same time from ITIC, which is favourable.

In Chapter 7, the influence of AA as an additive on the composition distribution of PTB7-
Th: ITIC was investigated by measuring the concentration depth profile of sulphur. The
results showed overall enrichment of ITIC at the top layer of the BHJ, followed by the
PTB7-Th layer, revealing an enriched layer of PTB7-Th at the substrate/BHJ interface.
The difference in the ratio of the PTB7-Th at the surface and the subsurface region is
related to the difference of the surface energy of PTB7-Th and ITIC. The AA additive

increased the concentration of the PTB7-Th at the surface and decreased that of ITIC.
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The enhancement of PTB7-Th at the surface region is beneficial for the charge

transferring to the MoOx electrode in the inverted OPV.

In Chapter 8, the SAM layer MeO-2PACz was used as a modification of sp-
NiOx/perovskite interface, which can improve the crystallinity of perovskites and
decrease defects by passivating NiO,. The MeO-2PACz on NiO, interface significantly
improves the defect level and device performance. This improvement in performance can
be attributed to a reduction in charge recombination, increase in extraction efficiency and
enhancement of the perovskite film quality with its large domain size. The electronic
structures of NiOx with and without a MeO-2PACz interlayer were investigated, and the

interlayer help in facilitating the CT between perovskites and NiOx was detailed.

9.2 Outlook and Future Work

With the increasing effects of global warming and rising energy demands, the
development and placement of renewable energy capturing devices is an urgent issue of
great importance. Presently, almost 94% of all commercially available SCs are based on
silicon. These commercial devices have only about 2% lower efficiency than novel
devices only realised in laboratory conditions. Still, only about 1% of total global energy
consumption comes from solar energy (2020 data). Assuming continuous development
and remarkable potential for commercialisation, the third generation of PVs, exemplified
by OPVs and PSCs, might be the technology breakthrough needed. Both device types
possess a myriad of competitive advantages over presently available technologies,
including lightweight, processing versatility, possible low production cost, possible large-
area fabrication, positive environmental impact and compatibility with flexible and
lightweight substrates. Extensive research in the last decade has significantly improved
the device efficiencies of both technologies and enabled their fast development and
market readiness. Nevertheless, fundamental environmental and economic issues remain
to be resolved to enable effective commercialisation.
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The results of OPVs in this thesis show that a dipole forms at the organic CIL P(NDI3N-
T-Br) and conjugate polymer interface, forming an energy level arrangement that is
energetically favourable for charge extraction/injection with the mechanism fully
described. Still, the performance of a real-world device possessing this new organic CIL
has yet to be tested. The optimal structure would consist of Ag/MoO3/TQ1: N2200
BHJ/P(NDI3N-T-Br)/ITO. Device performance will be measured and compared using

the energy level diagram.

The energy level arrangement of the other organic CIL P(NDI3N-F8-Br) with PTB7-Th
and ITIC within an inverted structure was also investigated within the thesis, indicating a
mismatch in the energy levels between ITIC and P(NDI3N-F8-Br). Using a conventional
configuration as a part of further work could reveal possible reasons for the decrease in
device performance. Future work should measure the electronic properties of the interface
of P(NDI3N-F8-Br) on top of active layers under the conditions as generated in the

inverted device.

Our work in this thesis covered active layer/new organic cathode interface as part of the
cell. However, the interfaces formed between distinct layers (BHJ/organic cathode
interface and dipoles formed at these contacts) have not been fully studied. Analysing the
role of these interfaces, which play a part in the CT of device PCE, is of considerable

interest and further investigation should be undertaken.

Lastly, regarding PSC, this thesis mainly dealt with characterising the interface between
the HTL and perovskite and trying to reduce the effect of defects at the interface in
perovskite film. Future studies should not concentrate only on the improvement of
efficiency but also on enhancing the perovskite film and dealing with remaining issues,
such as ion migration in PSCs. Two questions for future research are 1) How does ion
migration affect PSC efficiency, or to what extent? and 2) Are the ions accumulating at

the interface, or can they permeate the adjacent ETL or HTL? Resolution of the mentioned
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issues and improvement of materials’ intrinsic stability resulting from ion migration

prevention may play a crucial role in enhancing the long-term stability of PSCs.

223






Appendices

Appendices

Appendix A: Supporting Information for Chapter 4

1. Synthesis of P(NDI3N-T-Br)

diBrDANDI'! (0.6 g, 1.0096 mmol), 2,5-Thiophenediylbisboronic acid (0.1561 g,
0.9086 mmol, Eq. 0.9), tris(dibenzylideneacetone)dipalladium(0) (0.0185 g,
0.0202 mmol) and tri(o-tolyl)phosphine (0.0246 g, 0.0808 mmol) were added to a RBF.
The flask was consequently flushed with nitrogen five times. Toluene (40 mL), water
(2.02 mL) and Aliquat 336 (six drops) were added to the flask by syringe through a
septum. The reaction vessel was lowered in to a 90 °C preheated oil bath and reacted for
48 hours under vigorous stirring. The polymer was endcapped, first with monoBrDANDI

and then with phenylboronic acid pinacol ester (40 mg).

The reaction mixture was allowed to cool to room temperature and then poured on
150 mL of hexane. The resulting precipitate, a fine dark-orange powder, was filtered and
collected. Soxhlet extraction was performed for 24 hours for each of the solvents: hexane,
acetone, ethyl acetate and chloroform. The chloroform fraction was poured on hexane
and the precipitated product was collected using a polymer filtration set-up with a PTFE

membrane yielding a black product. Yield: 182 mg (53%).

'H NMR (CDCI3, 600 MHz) &: 8.96 (m, 1H), 7.45 (m, 1H), 4.22 (m, 4H), 2.43 (m, 4H),
2.23 (m, 12H), 1.92 (m, 4H), 1.25 (s, 2H), 0.86 (m, 2H). IR: ver = 2966sh, 2935, 2858,
2813, 2762, 2719sh, 1702, 1655, 1568, 1526, 1512sh.
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2. NICISS result of N2200

Bromine Depth Profile of N2200/P(NDI3N-T-Br)

—a—Pristine P(NDI3N-T-Br)
—a—0.3mg/ml
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Depth Profile (A°)

Figure S4-1. The distribution of Br in the N2200/P(NDI3N-T-BR) interface layer, with
the zero mark indicating the very surface of the samples.
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3. XPS result of O Is
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Figure S4-2. (A) High-resolution XP spectra of O 1s for different thickness of TQ1 on

P(NDI3N-T-Br). (B) High-resolution XP spectra of O 1s for different thickness of N2200
on P(NDI3N-T-Br).

227



Appendices

4. XPS result of N1s
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Figure S4-3. Position of N-C and N'Br~ for TQ1 deposited onto P(NDI3N-T-Br). The
position of the N species of TQI is constant for all TQI thicknesses.
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5. Table of the peak positions for TQ1

Table S4-1
The Peak Positions (eV) with Uncertainties of + 0.2 or £+ 0.3 for the TQ1 with Different
Thicknesses

Pristine P

Elements (NDI3N-T-Br) 0.8nm 12nm 13nm 22nm 7.7nm Pristine TQI

Posi Posi Posi Posi Posi Posi Posi
C-C 285.4 285.1  285.1 2850 2849 2848 285.2
C-O 286.4 286.2  286.1  286.1  286.1  285.5 285.7
Cc=0 - 286.5 286.7 2863  286.6  286.5 286.9
C-0-C 288.7 288.6  288.5 288.6  288.6  288.5 -
0-C 531.9 533.5 5333 5332 5332 5332 533.7
02 533.9 531.8 531.8 531.8 531.7 531.6 -
0=0 338.1 - 530.5 - - - -
N=C - 399.1 399.8 399.2 3995  399.1 399.6
N-C 400.6 400.6  400.6  400.7  400.7  400.8 -
N+Br- 402.5 402.5 4025 4025 4024 4024 -
S 2psn 164.2 164.9 164.1 164.1 163.9  163.9 164.3
S 2pi 165.4 165.4 165.3 165.3 165.2 165.1 165.7
Br 3dsp 67.6 67.5 67.6 67.6 67.6 67.6 -
Br 23ds 68.7 68.5 68.7 68.7 68.7 68.7 -

6. Table of the N peak area for TQ1

Table S4-2
The Ratio of N Peaks for the TQ1 with Different Thicknesses

TQI1 samples

Relative concentration % | P(NDI3N-T-Br) 0.8nm 12nm 13nm 22nm 7.7nm
C-N 5.5 3.9 3.7 3.1 2.0 1.0
N'Br 5.1 3.5 3.2 2.9 1.9 0.8
Ratio 1.1 1.1 1.1 1.1 1.1 1.2

Note. The ratio of N peaks is not exactly 1:1 due to uncertainty within the fitting
models.
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7. Table of the peak positions for N2200

Table S4-3
The Peak Positions (eV) with Uncertainty of + 0.2 or & 0.3 for the N2200 with Different
Thicknesses

Pristine Pristine
Elements P(NDI3N-T-Br) 1.0nm 3.0nm 50nm 8.0nm 10nm N2200
Posi Posi Posi Posi Posi  Posi Posi
C-C 285.5 2854 2853 2853 2852 2852 285.1
C-0 286.6 286.6 286.6 286.5 286.5 286.4 286.2
C=0 288.8 288.8 288.8 288.8 288.7 288.7 288.6
0-C 532.1 532.1 532.0 532.0 5319 5319 531.8
0=C 534.1 534.0 537.9 5339 5339 5338 533.7
03 537.9 538.3 5339 538.0 537.6 538.0 -
N-C 400.8 400.8 4009 400.8 400.8 400.8 400.7
N-O 402.8 402.7 402.7 402.8 402.8 402.8 402.5
S 2p3n2 164.5 164.5 1645 1644 1644 1644 164.3
S 2p12 165.6 165.7 165.6 165.6 165.6 165.6 165.5
Br 3dsp 67.9 679 679 679 679 67.8 -

Br 3ds 68.9 689 689 689 689 689 -
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8. Analysis of MIE, UP and IPE spectra for TQI1/Pristine P(NDI3N-T-Br)
interface

Pristine TQ1
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Figure S4-4. (A) SE region, (B) valence electron region of the UP spectra, (C) valence
electron region of the MIES spectra of the same samples with a range of TQ1 layer
thicknesses and (D) the plot of CB/ELumo and VB/Enomo region of the samples as
measured via UPS and IPES.
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9. Analysis of MIE, UP and IPE spectra for N2200/Pristine P(NDI3N-T-Br)

interface
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Figure S4-5. (A) SE region, (B) valence electron region of the UP spectra, (C) valence
electron region of the MIES spectra of the same samples with a range of N2200 layer
thicknesses and (D) the plot of CB/ELumo and VB/Enomo region of the samples as
measured via UPS and IPES.
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10. Full spectra of MIE and UP for TQ1/Pristine P(NDI3N-T-Br) interface

UPS

—— Pristine PONDI3N-T-Br)
——0.8 nm

1.2 nm

1.3 nm
——2.2 nm
——7.7 nm
——Pristine TQI

Intensity (arb. Unit)

Binding Energy (eV)

MIES

——Pristine P(NDI3N-T-Br)
——0.8 nm
1.2 nm
1.3 nm
—2.2 nm
——7.7 nm
——Pristine TQI

Intensity (arb. Unit)

0 5 10 15 20
Binding Energy (eV)

Figure S4-6. The spectra of UPS and MIES, for TQ1/P(NDI3N-T-Br) interface samples.
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11. Table of the energy level values of TQ

Table S4-4
The Values of WF, VB/Enomo and CB/ELumo of the TQ1/P(NDI3N-T-Br) Samples

Concentration of TQ1 Interface

+ + +
TQLP(NDI3N.T-Bx) WF (eV) 0.1 VB (eV)=0.1 CB(eV)+0.1

Pristine TQ1* 33 1.4 -0.9
7.7 nm 3.9 2.0 —0.6
2.2 nm 3.9 2.1 —0.8
1.3 nm 3.9 2.0 -0.7
1.2 nm 3.9 2.0 —0.3
0.8 nm 3.9 2.0 -0.3
Pristine P(NDI3N-T-Br) 3.9 2.2 -0.4
ITO 4.3 2.9 —0.4

Note. All energies are indicated with a zero point at Er. The WF of ITO is somewhat
lower than that reported in the literature due to a small degree of hydrocarbon on the
surface.

*The WF of TQ1 on ITO was measured twice and is lower than what can be anticipated
from 2. The reason for this discrepancy is unclear.
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12. Full spectra of MIE and UP for N2200/Pristine P (NDI3N-T-Br)

interface
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Figure S4-7. The spectra of UPS and MIES for N2200/P(NDI3N-T-Br) interface samples.
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13. Table of the energy level values of N2200

Table S4-5
The Values of WF, VB/Enomo and CB/ErLumo of the N2200/P(NDI3N-T-Br) Samples

Concentration of N2200
Interface N2200/P(NDI3N-T-Br) & (V) =01 VB(EV)£0.1  CB (V) 0.1
Pristine N2200 4.0 1.7 —0.8
10.0 nm 39 2.6 -0.6
8.0 nm 39 1.5 —0.6
5.0 nm 39 1.6 —0.6
3.0 nm 3.8 1.5 -0.3
1.0 nm 3.8 1.4 -0.3
Pristine P(NDI3N-T-Br) 3.9 2.2 -0.4
ITO 4.3 2.9 -04

Note. All energies are indicated with a zero point at Er. The WF of ITO is somewhat
lower than that reported in the literature due to a small degree of hydrocarbon on the
surface.
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14. Component analysis of valence electron spectra of UPS and MIES for

T01
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Figure S4-8. (A) and (B) The reference spectra of UPS and MIES. P(NDI3N-T-Br) does
not have any shift for the TQ1/P(NDI3N-T-Br) interface.
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15. Component analysis of valence electron spectra of UPS and MIES for

N2200

Count Rate (arb. u.)

Count Rate (arb. u.)
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Figure S4-9. (A) and (B) The reference spectra of UPS and MIES. P(NDI3N-T-Br) does
not have any shift for the N2200/P(NDI3N-T-Br) interface.
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Appendix B: Supporting Information for Chapter 5

Device preparation

The BHJ blend films of the inverted devices (PTB7-Th: ITIC inverted polymer SCs) were
fabricated using a non-toxic solvent additive p-anisaldehyde and host solvent o-xylene.
Devices were fabricated in a glass/ITO/P(NDI3N-F8-Br)/PTB7-Th: ITIC/MoOx/Ag
inverted device configuration. P(NDI3N-F8-Br) was deposited from MeO solution (1
mg/mL). The active layer ink was prepared by dissolving active layer materials, with a
donor:acceptor weight-to-weight ratio of 1:1.3, in o-xylene (total 19.5 mg mL™"). The
active layer ink was mixed overnight at 75 °C under vigorous stirring. With the prepared
ink, the solution was spun-coated over the P(NDI3N-F8-Br) film at 2,500 rpm for 60
seconds. After the spin coating of the active layer, the devices were vacuum dried in an
evaporation chamber at 10~" mbar for 1 hour. After vacuum drying, MoOx and Ag were
deposited via the following method. The MoOx (12 nm) was thermally deposited on the
BHIJ layer under high vacuum using a Covap thermal evaporation system (Angstrom
Engineering). This was followed by the evaporation of the Ag electrode (80 nm) using a

shadow mask to define the active area to 0.1 cm?.

For conventional devices, a thin layer of PEDOT: PSS was spin-coated onto clean ITO at

5,000 rpm for 45 seconds.
Device performance

Devices were measured using an Oriel Solar simulator fitted with a 150 W Xeon lamp
(Newport), filtered to give an output of 100 mW cm™ at AM 1.5 (air mass) standard and
calibrated using a silicon reference cell with NIST traceable certification. Device testing

was conducted under ambient conditions.
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1. XPS results of PTB7-Th/P(NDI3N-F8-Br)

Table S5-1
The Peak Positions (eV) with Uncertainties of + 0.2 or + 0.3 for PTB7-Th with Different
Thicknesses Deposited on P(NDI3N-F8-Br)

Pristine 0.3 0.6 1 1.5 2 2.5 Pristine

P(NDI3N- (mg (mg (mg (mg (mg (mg PTB7-
Elements  F8-Br) mL™") mL™) mL™") mL™) mL™) mL™") Th
Posi Posi Posi Posi Posi Posi Posi Posi

C-C 285.2 285.2 285.4 285.4 285.4 285.3 285.3 284.9
C-N 285.9 - - - - - - -
c* 286.9 - - - - - - -

C-S - 286.8 286.9 286.9 287.1 287.1 287.2 287.0

C=0 289.0 289.0 288.9 288.7 289.1 289.2 289.3 289.2
0-C 530.6 - - - - - - -

O-N 5323 5323 5323 532.2 5323 5323 532.1 531.9

0=C 534.1 534.5 534.2 534.1 534.0 533.9 533.9 533.7
N-C 400.9 401.0 400.9 400.9 400.8 401.1 400.8 -
N-O 403.0 403.0 402.9 402.9 402.9 403.1 403.1 -
Br 3dsp 67.9 67.9 67.9 67.9 67.9 67.9 67.8 -

S 2psp - 164.6 164.6 164.5 164.5 164.4 164.4 164.1

F - 688.0 688.1 688.2 688.01 688.1 688.1 687.7

Note. The C* peak of P(NDI3N-F8-Br) is assigning the 10 C atoms between the O=C-
N-C=0 in NDI as a separate species at 285.9 eV.
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Figure S5-1. High-resolution XPS of (A) Cls, (B) Fl1s, (C) S 2p and (D) Br 3d for PTB7-
Th layers deposited on P(NDI3N-F8-Br).
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2. XPS results of ITIC/P(NDI3N-F8-Br)

Table S5-2
The Peak Positions (eV) with Uncertainties of + 0.2 or + 0.3 for ITIC with Different
Thicknesses Deposited on P(NDI3N-F8-Br)

Pristine 0.05 0.1 0.2 0.3 0.6 1 Pristine
Element P(NDI3N  (mg (mg (mg (mg (mg (mg  ITIC
s -F8-Br) mL) mL™) mL™?)  mL) mL") mL™?
Posi Posi Posi Posi Posi Posi Posi Posi
C-C 285.2 285.1 285.2 285.2 285.2 285.1 2849  284.8
C* 286.9 - - - - - - -
C-N 285.9 285.9 286.1 286.1 286.1 286.8 286.6  285.7
C-S - 286.9 286.9 287.1 287.1 288.3 2879  286.6
C=0 289.0 288.9 288.9 288.9 288.9 290.6 2909  287.6
0O1 530.6 530.7 530.8 530.6 538.5 538.8 531.9
02 532.3 532.2 532.3 532.2 532.2 532.1 531.8 532.7
03 534.1 533.5 533.8 533.6 534.4 534.5 534.5 535.0
04 - 534.9 535.1 534.9 538.3 536.0 5359 537.6
N=C - 399.6 399.9 399.6 399.6 399.4 399.2 399.2
N-C 400.9 401.0  401.0 400.9 4009 4009  400.8  400.6
N-O 403.0 4029  403.0 403.0 403.0 4029  402.8 4025
Br 3ds. 67.9 67.9 67.9 67.9 67.9 67.9 67.8 -
S 2p3n - 164.8 164.6 164.7 164.7 164.5 164.4 164.3

Note. The C* peak of P(NDI3N-F8-Br) is assigning the 10 C atoms between the O=C-
N-C=0 in NDI as a separate species at 285.9 eV.
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Figure S5-2. High-resolution XPS of (A) Cls, (B) Nls, (C) S 2p and (D) Br 3d for ITIC
layers deposited on P(NDI3N-F8-Br).
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3. Analysis of UP and IPE Spectra of PTB7-Th/P(NDI3N-F8-Br) and
ITIC/P(NDI3N-F8-Br)

Valence electron

Conduction electron

Valence electron

(=]
=
&
E
| Conduction electron

g 7 & 5 4 3 2 1 o -1 -2 -3 4
Binding Energy(eV)

Figure S5-4. (A) The plot of VB/Enomo and CB/ELumo of the samples of different PTB7-
Th layer thicknesses deposited on P(NDI3N-F8-Br) as measured by UPS and IPES. (B)
The plot of VB/Enomo and CB/Erumo of the samples of different ITIC layer thicknesses
deposited on P(NDI3N-F8-Br) as measured by UPS and IPES.
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Table S5-3
The Values of WF, Enomo - VB and ELumo - CB of the ITIC/P(NDI3N-F8-Br) Samples

Concentration of ITIC WF (eV)+0.1 VB (V)£0.1 CB(eV)+£0.1
Pristine ITIC 4.2 1.0 -0.4
1 mg/mL 3.76 1.1 —0.35
0.6 mg/mL 3.7 1.3 -0.5
0.3 mg/mL 4.0 1.7 0.5
0.2 mg/mL 3.8 1.7 0.5
0.1 mg/mL 3.7 1.7 —0.6
0.05 mg/mL 3.6 2.0 —0.6
Pristine P(NDI3N-F8-Br) 3.7 2.3 -0.9

Note. All energies are indicated with a zero point at Fermi Level (Ef).

Table S5-4
The Values of WF, Enomo - VB and ErLumo - CB of the PTB7-Th/P(NDI3N-F8-Br)

Samples

Concentration of PTB7-Th WF (eV)+0.1 VB (V)+£0.1 CB(eV)+£0.1

Pristine PTB7-Th 3.7 0.6 -1.0

2.5 mg/mL 3.7 0.9 -0.4

2 mg/mL 3.7 0.9 0.5

1.5 mg/mL 3.7 0.9 0.5

1 mg/mL 3.7 1.0 -0.5

0.6 mg/mL 3.7 1.0 —0.6

0.3 mg/mL 3.9 1.3 —0.6
Pristine P(NDI3N-F8-Br) 3.7 2.3 -0.9

Note. All energies are indicated with a zero point at Fermi Level (Ef).

247



Appendices

Appendix C: Supporting Information for Chapter 6

1. XPS results of PTB7-Th/ZnO

Table S6-1
The Peak Positions (eV) with Uncertainties of + 0.2 or £+ 0.3 for Pristine ZnO, Pristine
PTB7-Th and Different Thicknesses of PTB7-Th Deposited on ZnO

Elements  Pristine 1 2.5 4.5 Pristine PTB7-Th
ZnO (mgmL') (mgmL') (mgmL™)
Posi Posi Posi Posi Posi
C-C - 285.6 285.4 285.1 284.9
C-S - 287.7 287.4 287.3 287.0
C=0 - 290.0 289.7 289.3 289.2
0O-C 531.1 531.3 531.5 531.6 531.96
02 532.7 533.0 533.17 533.47 533.7
0=C - - - - -
Zn 1,022.6  1,022.7 1,022.7 1,022.4 -
S 2p3n - 164.7 164.5 164.3 164.1

F - 688.2 688.0 687.8 687.7

248



Appendices

2. XPS results of ITIC/ZnO

Table S6-2
The Peak Positions (eV) with Uncertainties of + 0.2 or & 0.3 for Pristine ZnO, Pristine
ITIC and Different Thicknesses of ITIC Deposited on ZnO

Elements Pristine 1 1.3 1.5 Pristine
ZnO (mg mL™1) (mg mL™1) (mg mL™1) ITIC
Posi Posi Posi Posi Posi
C-C - 284.9 284.8 284.8 284.8
C-N - - - - 285.7
C-S - 286.6 286.5 286.5 286.6
C=0 - - - - 287.6
0-C 531.2 531.3 531.4 531.3 531.9
02 532.8 532.9 533.1 533.0 532.7
03 - - - - 535.0
04 - - - - 537.6
=C - 399.3 399.1 399.2 399.2
N-C 400.6
N-O - - - - 402.5
Zn 1,022.6 1,022.6 1,022.9 1,023.1 -
S 2p3n - 164.3 164.3 164.3 164.3
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3. Analysis of UP and IPE spectra of PTB7-Th/ZnO and ITIC/ZnO
interfaces
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Figure S6-1. Plot of VB/Enomo and CB/Erumo (from UPS and IPES) of (A) PTB7-Th
layers deposited on ZnO and (B) ITIC layers deposited on ZnO.
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Table S6-3
The Values of WF, VB/Enomo and CB/Erumo of the PTB7-Th/ZnO Samples, Pristine
ZnO and Pristine PTB7-Th

PTB7-Th concentrations mg/ml ~ WF (eV)£0.1 VB (eV)£0.1 CB(eV)*0.1

4.5 3.9 0.6 -1.0

2.5 3.7 0.7 -1.0

1 34 1.05 —0.5
Pristine PTB7-Th 3.7 0.6 -1.0
Pristine ZnO 3.8 3.1 -0.4

Note. All energies are indicated with a zero point at Fermi Level (Er).

Table S6-4
The Values of WF, VB/Enomo and CB/ErLumo of the ITIC/ZnO Samples, Pristine ZnO
and Pristine ITIC

ITIC concentrations mg/ml WF (eV)+0.1 VB ((V)+£0.1 CB(eV)£0.1

1.5 4.0 1.2 -0.6

1.3 3.9 1.9 0.5

1 3.8 1.2 -0.9
Pristine ITIC 4.2 1.0 -0.4
Pristine ZnO 3.8 3.1 -0.4

Note. All energies are indicated with a zero point at Fermi Level (Er).
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Figure S6-2. Plot of the cut-off for VB region as measured via UPS of (A) 1 mg/mL of
PTB7-Th/ZnO, (B) 2.5 mg/mL of PTB7-Th/ZnO and (C) 4.5 mg/mL of PTB7-Th/ZnO.
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Figure S6-3. Plot of the cut-off for VB region as measured via UPS of (A) 1 mg/mL of
ITIC/ZnO, (B) 1.3 mg/mL of ITIC/ZnO and (C) 1.5 mg/mL of ITIC/ZnO.
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Appendix D: Supporting Information for Chapter 8

1. Results and discussion
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Figure S8-1. The transmittance of NiOx and NiOx/MeO-2PACz SAM.
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2. Data analysis for the XPS spectra obtained for NiOx
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Figure S8-2. XPS surface spectra for pristine NiOx and NiOx treated with MeO-2PACz.
(a) Top plot shows Cls peaks for pristine NiOx and bottom plot shows peaks for treated
NiOx. (b) N1s peak for NiOx treated with MeO-2PACz. (c) P 2p spectra for NiOx treated
with MeO-2PACz.
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Figure S8-3. The I-V data for the NiOx/MeO-2PACz device measured by the Calibration,
Standards and Measurement Team of AIST (AIST logo was removed in accordance with
the publication policies).
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Figure S8-4. Operational stability of the glass encapsulated MeO-2PACz treated and
untreated sp-NiOx devices at MPPT condition at ~60 °C in air.
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Figure S8-5. IQE spectra for the control perovskite device and device modified with a
MeO-2PACz interface layer.

a b
o (a) N
1NiO [I NiO,
X
8- e 4 g i ==
8 | nmeo-2PACzINiO, g | UMeO-2PACZINIO,
S 6 3 37
a [m]
3 . 52
o' [+]
= 2] =z 14
G T T T G T T I T T T | T T
69 N '\f\ ,\‘b'b‘\\'o"\ ':\ ’(\b‘ (\‘.\ (\Q \q;.\ "]9 ’I’Q'-\ '\9“
Voc(V) Jsc (mAcm?)
) (c) 8 (d)
109 Nio, INiO,
» 81 UMeO-2PACZNIOx oy @ 6+ []MeO-2PACZ/NIO, p—
g 8
3 §4—
a -
5 4- °
o (=]
2 2- —
= 2
0 T T T 0 ‘ T | R N l T | T l |
N
Q'b Q"\ °?> '\Q’.b \\.b‘ \\9 \q"Q Ncp. \q:y \"D'Q (\‘} '\«'.b
FF n(%)

Figure S8-6. Statistics of device parameters of NiOx and MeO-2PACz/NiOx, (a) Voc,
(b) Jse, (¢) FF and (d) efficiency (n) of the eight PSCs for each condition.
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3. Electronic properties and energy level for perovskite films

As shown in the UPS spectra, the cut-off of the onset can provide information about the
VB maximum, while the cut-off for the secondary electrons provides information about

the WF. The WF, IE, AE* VL and AE energy gaps can be calculated as follows:

WF =hv-E cut-off

IE = hv- (E cut-off — Eonset)

AE* VL = WF niox— WF pvk

AE energy gap = (IE pvk — WF pvk) — (IE niox — WF niox) — AE* VL

Table S8-1
Electronic Properties of NiOx and NiOx/MeO-2PACz

Electronic structure NiOx NiOx/MeO-2PACz
WEF (eV) 4.9 5.5
VB (eV) 0.4 0.2
IE (eV) 53 5.7
AE* VL (eV) 0.3 0.9
AE energy gap (eV) 0.1 —0.3
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