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Abstract /Résumé
English

Organic electronics is a promising route for the next generation of electronic devices. With
large area scalability, compatibility with flexible and semitransparent substrates, and low tem-
perature processability, printed electronics offers an interesting alternative to conventional silicon-
based electronics. On its way to achieve better performances, hole and electron doping needs
to be developed to improve the material conductivity as well as the polymer-metal electrode
contact.

In this work, we have studied the electrical characteristics of the polymer PBDTTT-c upon
addition of p-dopant Mo(tfd-COCF3)3. Complementary electrical (variable temperature current
voltage, capacitance, admittance spectroscopy), optical (UV-visible absorption and photolumi-
nescence spectroscopy) and material (NMR, SEM, TEM) characterization techniques have been
used to analyze the impact of the doping concentration on the electrical properties of the poly-
mer and improve our understanding of the doping mechanism involved. The doped layer was
then successfully integrated in an organic photodetector using soft contact transfer lamination to
replace the widely used PEDOT:PSS layer, known to be responsible for stability issues. Finally,
both the lamination technique and the knowledge acquired on organic semiconductor doping
were used to study the impact of unintentional oxygen doping on the organic photodetector
performances.

Although further works are necessary to complete our understanding of organic semicon-
ductor doping, enhance the lamination processes and introduce doped layers in various solution
printed devices, present results are promising for the improvement of organic electronic devices.

Keywords: Organic electronics, Organic semiconductors, Semiconductor doping, Photodi-
odes, Molecular doping

Francais

Contrairement a 1’électronique conventionnelle & base de silicium, 1’électronique organique of-
fre de nouvelles possibilités telles que la production sur grande surface et a faible bilan thermique,
ou encore 'utilisation de substrats flexibles et transparents. Afin d’améliorer la conductivité des
semi-conducteurs ainsi que le contact polymere-électrode métallique, le dopage en électrons et
en trous doit étre développé dans les matériaux organiques.

Dans cette these, des techniques de caractérisation électrique (courant tension & tempéra-
ture variable, capacité, spectroscopie d’admittance), optique (spectroscopie UV-visible et de
photoluminescence) et matériau (RMN, MEB, MET) ont été utilisées pour analyser I'influence
de la concentration en dopant Mo(tfd-COCF3)3 sur les propriétés électriques du polymere PB-
DTTT-c et améliorer notre compréhension du mécanisme mis en jeu dans le dopage. La couche
dopée a été intégrée avec succes dans un photodétecteur organique en utilisant une technique
de laminage afin de remplacer la couche habituellement utilisée de PEDOT:PSS, connue pour
générer des problémes de stabilité dans le dispositif. Enfin, la technique de laminage et le savoir
acquis sur le dopage des semi-conducteurs organiques ont permis d’étudier I'impact du dopage
non intentionnel par I'oxygene sur les performances des photodétecteurs organiques.

Bien qu’il soit encore nécessaire de renforcer notre compréhension sur le dopage des semi-
conducteurs organiques, améliorer la technique de dépot par laminage et introduire la couche
dopée dans divers dispositifs imprimés, les résultats présentés dans cette thése sont prometteurs
pour le développement de 1’électronique organique.

Mots-clés : Electronique organique, Semiconducteurs organiques, Semiconducteur-dopage,
Photodiodes, Dopage moléculaire

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

Acknowledgements

The last three years of my life have been a wonderful journey. As with any adventure, I had
intense and joyful moments but also had to face some hard time, especially when I began to
question myself. Also, an adventure is not possible without the help of many people, both in
terms of work and mental support. This section is dedicated to those people and, as I had the
opportunity to work with Francophones and Anglophones, I will mix both languages.

To begin with, I would like to warmly thank the members of the jury, Norbert Koch, Lionel
Hirsch and Raphaél Clerc, for agreeing to read my manuscript and come to Grenoble for my
Thesis defense.

Now for French! Mes prochains remerciements sont consacrés a mes encadrants. Tout
d’abord, je dois un tres trées grand merci & mon encadrante du quotiden, Amélie Revaux. Si
j’ai pu vivre cette aventure c’est grace a toi ! Merci pour ton implication, du montage du sujet
jusqu’a la préparation de la soutenance en passant par les points thése chaque semaine, les
nombreuses discussions sur ce mystérieux mécanisme du dopage, ton soutien pour que je puisse
partir en conférence, et bien siir, pour la relecture du manuscrit. MERCI !

Je dois aussi un grand merci & Antoine Kahn. Merci de m’avoir accueilli 6 mois au sein de
votre laboratoire a Princeton, mais aussi pour votre encadrement tout au long de cette these.
Cette expérience dans ce cadre exceptionnel aura été tres importante pour moi.

Enfin, je remercie chaleureusement mon directeur de theése, Dominique Vuillaume. Malgré
ces quelques centaines de km qui nous ont séparés, vous avez toujours répondu présent. J’ai
beaucoup apprécié nos discussions scientifiques. Merci de m’avoir fait découvrir la spectroscopie
d’admittance, et merci pour votre accueil a Lille, dont je garde un trés bon souvenir.

Cette aventure je la dois aussi a toutes les personnes qui ont contribué aux résultats présentés
dans ce manuscrit. Merci Sonia de Sousa Nobre de m’avoir formée sur la photoluminescence et
de m’avoir apporté ton aide. Merci Michel Bardet et Pierre-Alain Bayle pour les mesures de
RMN solide et liquide ainsi que pour nos passionantes discussions. Merci Simon Charlot pour
m’avoir formée sur bon nombre d’équipements, pour tous tes conseils en terme de process, pour
les nombreuses commandes et pour les images MEB. Merci a Christelle Laugier. Nos évapo-
rations d’aluminium étaient tres lentes et capricieuses, mais elles m’auront donné ’occasion de
discuter plus longuement de foot, chevaux et volley avec toi. Merci Stéphanie Jacob pour les
simulations Silvaco et nos longues et passionantes discussions. Mais je te remercie aussi pour
ton amitié et notre passion commune pour les lapins. Merci Sébastien Noél pour ton aide sur
I’adaptation du banc de vieillissement. Ton savoir-faire m’a été plus que nécessaire et je suis
décue de ne pas avoir eu plus le temps de mettre a profit ce banc. Je suis stire que Tamara
en fera bon usage. Merci Alexandra Cantarano pour notre superbe collaboration lors de ton
stage de 2° année. J’ai beaucoup apprécié ton sérieux, ta curiosité, ton humilité et ta gentil-
lesse. Je te souhaite tout de bon pour cette theése qui t’attend ! Merci & Joél Bleuse pour les
mesures de photoluminescence résolues en temps et, surtout, pour avoir eu la patience de me
réexpliquer les bases de I'optique. Merci Alexandre Pereira pour ton encadrement en début de
thése et pour nos nombreuses conversations qui auront suivies. Et merci beaucoup pour ton
aide sur toute la partie optique de la these. Merci a Sylvie Lepilliet pour son aide sur le banc de
spectroscopie d’admittance. Je n’oublierai pas ton énergie et ta gentillesse a 'image des Ch’ti.
C’est aussi grace a toi que je garde un tres bon souvenir de mes déplacements a Lille. Merci
Mohammed Benwadih pour ton aide sur plusieurs parties process de ma thése mais aussi pour
nos passionantes discussions. Merci a Nathalie Pelissier pour les mesures TEM. Merci aussi a

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

Rachel Wilkenson qui a corrigé et nettement amélioré mon introduction. Merci & Yoann Roth
pour son aide sur Latex lorsque ce logiciel jouait avec mes nerfs. To finish this paragraph, I
need to switch back to English as I wish to thank a few people from Princeton. Thank you An
Dai for teaching me the lamination process. Thank you Andrew Higgins for your patience when
you taught me how to use the VTIV bench. I also warmly thank Andrew, James Endres, Xin
Lin and Gabriel Man for having been present whenever I needed help in the lab.

Mais cette aventure n’aurait certainement pas été pareille sans le soutien de mes collegues et
de mes proches. Je remercie donc tous les membres actuels ou passés du LCI / LCOI / LCEI /
LFVC / (LEME??). Un grand merci & Laurent Tournon pour m’avoir accueillie dans son bureau
piece 247 et pour m’avoir supportée pendant trois ans. Partager ton bureau va vraiment me
manquer ! Un autre grand merci aux thésards qui m’ont rejoint au cours de la these : Pierre
Lheritier, Clara Haddad, Alexandre Gaitis, Tamara Nunes-Domschke et enfin Smail Amari. J’ai
énormément apprécié votre présence au quotidien. Je vous souhaite bon courage pour la fin
de votre these ! Et une petite pensée toute particuliere pour Tamara : je suis trop contente
que tu reprennes la suite de ma thése ! Amuse-toi bien. Je continue mes remerciements avec
le fameux groupe de 13h, avec qui j’ai partagé mes repas: Simon Charlot, Jamal Tallal, Lau-
rent Tournon, Stéphanie Jacob, Marine Galliari, Olivier Haon, Didier Gallaire et Jean-Marie
Vérilhac. Cette pause de midi a vos cOtés était une bouffée d’oxygene qui me permettait de
repartir pleine d’énergie pour tout 'aprées-midi ! Et puis il y a les habitués du café le matin,
avec qui je commencais ma journée. Tout d’abord Julia De Girolamo, je te remercie pour ta
gentillesse, ta douceur et ta sensibilité. C’était un privilege de te rencontrer. Merci aussi a
Julien Routin, Christelle Laugier, Stéphanie Lombard, Karine Lambert, Nadine Bagwaneza et
Micaél Charbonneau. Et enfin, merci a tous les autres membres du labo que j’ai eu le plaisir de
cotoyer.

I would also like to thank all my friends from Grenoble, Princeton and all over the world.
Thank you Yao for your wonderful kindness and for being an amazing friend. Merci a mes
parents, Catherine et Guy, pour leur soutien depuis toujours et pour le magnifique pot qu’ils
m’ont préparé ! Merci a mon mari, Nicolas, qui aura été mon plus grand soutien, méme lorsque
nous étions séparés par plusieurs milliers de km. Pour finir, merci Gizmo !

© 2017 Tous droits réservés. 1 lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

To Nicolas,
I couldn’t have done it without you.

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

Contents

Introduction

1 Organic semiconductors, doping and integration in electronic devices:
the foundations for this work

1.1 Principles of organic electronics: from the semiconductor to the device
1.1.1 What is an organic semiconductor?
1.1.2 Transport properties in organic semiconductors
1.1.3 Toward the detection of photons

1.2 Doping in organic semiconductors: how does it work?
1.2.1 Principles of the doping mechanisms
1.2.2 Alternative model to explain organic semiconductor doping
1.2.3 What do we use as dopant?

1.3 Doping to push the boundaries of organic electronic devices
1.3.1 Enhancement of the transport properties
1.3.2 Ohmic contact for improved injection and collection
1.3.3 Doping in organic devices: from evaporated OLED to solution printed
solar cells

2 Electrical characterization of molecular p-doping
2.1 Molecular p-doping by solution processing

2.2 Impact of doping concentration on hole conductivity and hopping transport
activation energy
2.2.1 Device processing and experimental set-up
2.2.2 Hole conductivity with varying doping concentration
2.2.3 Impact of p-doping on hole hopping transport activation energy
2.2.4 'Trap filling and saturation regimes

2.3 Evolution of hole concentration with p-doping
2.3.1 Mott-Schottky law and Schottky diodes processing
2.3.2 Ionized dopant concentration
2.3.3 p-doping activation energy

2.4 Possible origin of limited doping efficiency at high concentration
2.4.1 Formation of aggregates with increasing doping concentration
2.4.2 Composition of the aggregates
2.4.3 Impact of doped polymer morphology on electrical performances

iv

© 2017 Tous droits réservés.

11
15

17
18
21
24

25
25
28

29

31
32

34
35
36
39
41

42
42
44
49

ol
o1
26
60

lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

Contents
2.5 Effective barrier lowering at the organic/metal interface 63
2.5.1 Experiment 63
2.5.2 Injection regimes in polymer p-doped with varying concentrations 64
2.5.3 Enhancement of the organic/metal interface 66
2.6 Summary and outlook 68

3 Analysis of the doping mechanism involved in Mo(tfd-COCF3); doped

PBDTTT-c 71
3.1 Sub-bandgap absorption with p-doping 73
3.1.1 Experiment 73

3.1.2 Formation of sub-bandgap absorption peaks with doping concentration 74
3.1.3 Sub-bandgap peaks related to Charge Transfer Complex (CTC) for-

mation 77

3.2 Doping induced fluorescence quenching 84
3.2.1 Experiment 86
3.2.2 Photoluminescence quenching 88
3.2.3 Static or Dynamic quenching? 91

3.3 Characterization of gap states related to organic semiconductor p-doping 97
3.3.1 Admittance spectroscopy 97
3.3.2 Samples and experimental set-up 101
3.3.3 Trap states formation with p-doping 102
3.3.4 Trap concentration and Density of States 106
3.3.5 From UV-visible absorption spectroscopy to admittance spectroscopy 109

3.4 How to explain the effective p-doping? 110
3.4.1 Density of States broadening 110
3.4.2 Light assisted p-doping 112

3.5 Summary and outlook 114

4 P-doped organic semiconductor as potential replacement for PEDOT:PSS

in organic photodetectors 117
4.1 Experiment 119
4.2 p-doped polymer versus PEDOT:PSS as HTL in OPDs figures of merit 122
4.2.1 I(V) characteristics 122
4.2.2 External Quantum Efficiency 125
4.2.3 Similarities between both HTLs 125
4.3 Deeper analysis on the impact of p-doped polymer as HTL 127
4.3.1 Photocurrent dependency on light intensity 127
4.3.2 Active area localization induced by p-doped polymer 133
4.4 Preliminary ageing studies on OPDs with p-doped PBDTTT-c as HTL 135
4.4.1 Reduced humidity impact on series resistance 135
4.4.2 Thermal ageing with p-doped polymer as HTL 137

4.4.3 Establishment of a detailed experimental design for future works 139

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

Contents

4.5 Summary and outlook 140

5 Impact of unintentional oxygen doping on organic photodetectors 143
5.1 Experiment 145
5.2 Impact of oxygen plasma treatment on OPD performances 146
5.2.1 IV characteristics 146

5.2.2 External Quantum Efficiency (EQE) 147

5.2.3 Capacitance measurements 149

5.2.4 Summary and Hypothesis 153

5.3 p-doping impact on electronic structure of OPD active layer 154
5.3.1 Hole conductivity increase 154

5.3.2 Trap levels determination by admittance spectroscopy 156

5.3.3 Summary 160

5.4 Assumption verification with TCAD simulations 161
5.4.1 Simulation principles and parameters 161

5.4.2 Electrical characterization fitting 162

5.4.3 Band bending explanation 167

5.5 Summary and outlook 173
Summary and future work 175
Appendix A-Summary of the structures studied 181
Appendix B-TLM on pure PBDTTT-c 183
Appendix C-Supplier and reference information 185
Appendix D-Experimental Protocol of solid-state NMR 187
Bibliography 189

vi

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

Introduction

1. Context

Why organic electronics?
Let’s imagine the potential innovations of the future.

Today, our planet is threatened by significant modifications, primarily driven by pol-
lution induced global warming, which has exponentially increased our need to find alter-
native and sustainable energy solutions [1]. As a result, energy transition is one of the
21%% century’s major challenges. One potential answer to this problem is through the us-
age of transparent solar cell windows, which would provide significant energy yields with
minimal inconvenience [2]. Additionally, producing lightweight rolls of plastic solar cells
would be a solution, not only to urban areas, but would also provide remote villages with
access to electricity much more easily [3].

The environment is not the only future concern. Enhancing our quality of life through
major breakthroughs in medicine is an important additional consideration. The develop-
ment of synthetic skin could have a variety of interesting applications such as the ability
to reintroduce the sense of touch to amputees. Developing biocompatible devices interfac-
ing directly with neurons, that would record the brain activity without causing internal
harm, would give insight into our cerebral processes, by providing knowledge of the most
mysterious part of the human body [4]. Further, we could potentially stimulate the brain
to avoid seizures and help in the discovery of treatments for neurological disorders as
epilepsy, Parkinson and Alzheimer diseases [5, 6].

Flexible and conformable electronic components with transparent display and smart
packaging that will have the ability to be integrated into textiles and other objects that
will become part of the future Internet of Things (IoT), are the technological develop-
ments that will comprise the innovations of tomorrow [7]. For example, in the near future,
athletes will be able to monitor their health and performances during training or competi-
tion with medically enbedded smart devices [8]. Health monitoring through physiological
data acquisition is an attractive proposition for medical follow-ups specifically for at-home
patients [9]. Fireman’s clothing embedding temperature sensors or tents with integrated
solar cells might be part of our future as well [10, 11].

In order to render these ideas a reality, we need an alternative to the usual, silicon
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based electronic systems, which gained popularity during the second part of the 20"
century. Inorganic electronics have achieved excellent performances and followed the path
of miniaturization. However, this technology will never be useful for the applications
mentioned above. Constrained by size, thickness, brittleness, absence of transparency
and incompatibility with organic tissues, the devices fabricated on silicon wafers are not
suitable for stretchable, conformable, transparent and biocompatible electronics.

In the late 1970s, A. J. Heeger, A. G. MacDiarmid and H. Shirakawa offered a new era
in technology with the discovery of organic materials with semiconducting properties, for
which they were awarded the 2000 Nobel Prize in Chemistry [12]. Scientists soon sensed
the potential of this discovery. Using carbon based compounds as building blocks for elec-
tronic devices unlocks the possibilities for future technologies. Organic semiconductors
can be processed using solution printing techniques in semi-transparent thin films using
a low thermal budget [13]. Glass, plastic, paper, metal, almost any type of substrate can
be considered. Developed in mass production, manufacturing costs can be reduced com-
pared to inorganic devices. Finally, organic semiconductors, mainly composed of carbon
and hydrogen atoms, are particularly interesting for bio-applications as they offer a softer
transition from living tissues to electric information than inorganic devices [4]. Combined
with thin, flexible and stretchable substrates they could be deposited directly onto the
skin, the brain or muscles and used to record various signals.

The development of organic electronic devices

Organic Light Emitting Diode (OLED) displays are the major actor in the organic
electronic industry as it was the first device of this type to be mass produced and com-
mercialized by Samsung and LG [7]. OLED displays offer improved image quality as well
as possibilities for flexible, lightweight and transparent applications. The use of OLED
for large area lighting is one of the expected future applications for this product [14].
Conventional lamps will soon be replaced by wide light panels of this type embedded in
the environment.

Solar energy is another area in which there has been significant research invested in
terms of the use of organic materials [15]. Although it is unlikely that organic solar cells
will compete with their silicon counterparts, this technology opens new opportunities for
solar energy by taking advantage of their transparent and flexible properties. Thus, the
world we imagined for tomorrow is closer than one might have thought.

Alternative photon-to-electron convertors, photodetectors, have also emerged in the
organic electronics area. Photodectors can be used as light sensors or integrated in imagers
[16, 17]. Plastic based medical imagers are particularly promising for mobile equipments
compared to their fragile silicon-made counterpart. Moreover, printing techniques would
enable the production of large area medical imagers at a lower cost.

Sensors are used to detect the world surrounding us, recording various types of in-
formation that can improve our quality of life. Organic printable sensors are the next
generation of temperature, gas, humidity and force detectors [7]. Cheaper to produce
and compatible with a varied range of substrates, they can be integrated into any object:
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in packaging, on touch screens displays or even on and in our body. Organic electronics
might indeed be extremely valuable for future discoveries and treatments in medicine.
The possibility to integrate electronic devices in textiles offers plenty of new applications
as well [18]. Organic electronics is of great interest for wearable technologies.

All these applications would not be possible without the basic component of every
electronic device, the transistor. Electric switch or current amplifier, transistors are used
to create logic gates and display backplanes. Organic Thin Film Transistors (OTFTs)
are therefore a key element of organic electronics research and development. p-type and
n-type transistors have successfully been developed and associated to create inverters [19)].

In 2010, the market value of printed electronic products was estimated at USD 5.6
billion. In 6 years, the market has been multiplied by 5 reaching a value of USD 26.9 bil-
lion. Forecasts expect a market value above USD 40 billion by 2020 for printed electronic
devices [7]. Although organic devices might be able to compete with their poly-silicon
counterparts for some applications, the main goal of this new market is to address tech-
nologies unattainable by classic inorganic electronics.

What are the major challenges for the years to come?

Organic electronics face many challenges including processing, reliability and efficiency
issues. Research labs and industries work together to transfer lab-scale experiments into
large-scale manufacturing. Deposition techniques need to be roll-to-roll or sheet-to-sheet
compatible, easy to implement, reproducible and cost-effective. Taking into account
worldwide awareness regarding environmental concerns, the industrialization of organic
electronics also needs to consider eco-friendly materials and plan for the devices life-cycle
[7].

The major obstacle to the industrialization of organic electronics is probably the de-
vices reliability. Inherent to their composition, organic semiconductors are sensitive to
their environment. This includes oxygen, humidity, UV radiations and temperature [20].
Additional research to further understand the degradation mechanisms involved and de-
velop solutions needs to be undertaken. Efficient encapsulation materials and techniques
are investigated as well [7]. Electronic devices are subject to bias-stress, which they need
to tolerate throughout their lifetime. Mechanical stress also needs to be considered along
with the development of flexible, conformable and stretchable applications [21].

Efficiency related challenges depend on the type of device considered, but all types
of devices are concerned by the quality of contacts [22]. Every device requires a good
interface between the semiconductor active layer and the electrodes in order to provide
an efficient injection and collection of charges. This challenge has been completed in in-
organic electronics with semiconductor doping [23]. The goal is therefore to implement
the doping principle into organic electronics.
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2. Aims of this study

The development of organic semiconductor doping is an interesting tool to push the
boundaries of organic electronics. Interface layers are currently used to match semicon-
ductors transport levels with electrodes work-function but the materials with appropriate
energy levels and good stability are limited. The replacement of interface layers with
doped semiconductor layers could provide a greater flexibility in choosing the electrode
materials [24]. As interface semiconductor doping provides efficient contact properties
which do not depend on the electrode work-function, the novel conducting inks com-
patible with solution processing techniques will be suitable for any semiconductor active
layer. Doping can also be beneficial for the semiconductor transport properties, improving
carriers conductivity and mobility.

This study draws on important works carried out in the field of organic semiconduc-
tor doping. The impact of molecular p-doping on the electronic properties of polymers
has been thoroughly studied by An Dai [25, 26, 27]. She highlighted the Fermi level
shift in the polymer bandgap upon dopant addition, as well as an enhancement of the
carriers conductivity and mobility. After demonstrating the ability of organic semicon-
ductor doping to decrease the effective injection barrier for holes, providing efficient ohmic
contact, she introduced doped layers in organic solar cells as hole interface layer to re-
place PEDOT:PSS. To enable solution processing of the doped layer and avoid the use of
orthogonal solvents, she developed a lamination technique called Soft Contact Transfer
Lamination (SCTL).

The underlying mechanisms of organic semiconductor doping have been widely in-
vestigated by the group of Prof. Norbert Koch [28, 29, 30]. Most studies describe the
doping process by a complete and direct transfer of an electron from the semiconductor
HOMO toward the dopant LUMO for p-doping, called Integer Charge Transfer (ICT)
[31, 32, 33]. The free hole created on the polymer gives rise to a polaron. However,
this model fails to explain some observations made on certain semiconductor-dopant mix-
tures. The group of Prof. Norbert Koch introduced an alternative mechanism involving
the formation of Charge Transfer Complex (CTC) between the molecular semiconductor
and dopant. In this configuration, the charge transfer is partial since the electron needs
to overcome an energy barrier of several hundreds of meV to reach the acceptor state for
p-doping. According to Salzmann et al. [30], the mechanisms (ICT or CTC) involved in
the doping process depends on the nature of the organic semiconductor. Nevertheless,
there remain many issues to be resolved and processes to be understood in the doping of
organic semiconductors.

As mentioned previously, doped organic semiconductor layers are of great interest to
replace common interface layers and provide efficient ohmic contacts. Indeed, electron
and hole interface layers as Zinc Oxide (Zn0O), PEI or PEDOT:PSS are known to induce
device stability issues [34, 35, 36]. In particular, the hole transport layer PEDOT:PSS is
sensitive to humidity, oxygen and UV [37, 38, 39]. First attempts to remove PEDOT:PSS
in organic solar cells have been carried out leading to improved device stability [40].
However, the lack of electron blocking layer can be detrimental for photodetectors, which
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require a low dark current density. Doped layers processable in solution using SCTL as
deposition technique are a promising route for PEDOT:PSS replacement.

The purpose of this work is to deepen our understanding of the doping mechanisms in
organic semiconductors and introduce this doped layer in a complete device as interface
layer. In this thesis we have chosen to focus on p-doping. Doped layers have been barely
used in solution printed devices due to processing issues. In this work we will use SCTL
to deposit the interface layer processed in solution. The knowledge acquired during this
work will also be useful to further understand non-intentional doping consequences due to
oxygen in organic devices. The underlying questions of this work are illustrated in Figure
1.

(b)

DOPANT o o

Figure 1: Illustration of the underlying questions studied in Chapter 2 and 3 (a), Chapter 4 (b)
and Chapter 5 (c).

This dissertation starts with an overview of the the organic electronics principles and
the basics about organic semiconductor doping in Chapter 1. We will also have a look at
the different benefits of doping and its integration in organic electronic devices.

5
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As a first step of the experimental work carried out throughout this thesis, we aimed
at verifying the p-doping ability of the chosen molecular dopant, Mo(tfd-COCF3)3, on the
semiconducting polymer PBDTTT-c, presented in Chapter 2. Through electrical charac-
terization of thin films doped at various concentrations, we identified different regimes.
The impact of the doping concentration has been further studied using material and chem-
ical characterization techniques. The ability of doped polymer to form ohmic contacts
is also verified with the view to using doped organic semiconductor layers in complete
devices.

One of the key challenges of this work was the study of the polymer-dopant inter-
action. Chapter 3 deals with the potential doping mechanisms involved in our system.
We used complementary optical and electrical characterization techniques to deepen our
understanding of this doping process. This work raised some questions, which will require
further work from the community.

As one of the major goal of organic semiconductor doping is to be integrated as inter-
face layers in organic electronic devices, we introduced the doped PBDTTT-c layer in an
organic photodetector (OPD). In Chapter 4, we compared the widely used PEDOT:PSS
hole transport layer with our doped material, which has been deposited using lamina-
tion techniques. Through various electrical characterization techniques we identified the
advantages and limits of this novel transport layer.

As a last step, we took advantage of the knowledge acquired throughout this work to
study the impact of unintentional oxygen doping. We used lamination to evaluate the
impact of a well-known surface treatment, oxygen plasma, on the OPD performances.
This study illustrates the drawbacks of homogeneous doping and highlights the need for
localized doped layers.
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Chapter 1. Organic semiconductors, doping and integration in electronic devices:
the foundations for this work

1.1 Principles of organic electronics: from the semiconductor to
the device

How can we obtain semiconducting properties with a carbon-based polymer? How are
electrons and holes transported along the molecule and between two molecules? Is it
possible to detect photons using organic semiconductors? This first section is dedicated
to these questions.

1.1.1 What is an organic semiconductor?

Before introducing organic semiconductors, we start by a short reminder on their inorganic
counterparts. Inorganic semiconductors like Silicon (Si), Germanium (Ge) or Gallium-
Arsenide (GaAs) are usually described as ordered crystals with defined atomic position
as shown in Figure 1.1 (a). The electronic structure of such atomic pattern can be
described by wave functions forming energy bands separated by bandgaps. In the case
of semiconductors, the Fermi level, which is defined as a threshold energy where a state
has a 50% probability of getting occupied, is situated within a bandgap of the order of
an electron-volt. Therefore, all states in the energy band below, called valence band, are
filled and all states in the energy band above, called conduction band, are empty. This
configuration, between metals and insulators, led to the emergence of the microelectronics
industry. Figure 1.1 (b) summarizes the position of the valence Ey and conduction band
E¢ as well as the Fermi level Er. In this example, the Fermi level is situated in the
middle of the bandgap, corresponding to an intrinsic semiconductor. All energies are
given with respect to the vacuum level E,. The distance between the vacuum level and
the conduction band, Fermi level and valence band are called electron affinity E'A, work
function W and ionization potential I P respectively. Finally, the energy required for an
electron in the valence band to be excited toward the conduction band is defined by the
semiconductor bandgap Eg.

To address flexible, semi-transparent and large area technologies, it could be inter-
esting to replace inorganic semiconductors by organic compounds, which are compatible
with solution printing processes. To understand the origin of semiconducting properties
in organic materials, we need to take a closer look at atomic orbitals. When brought in
contact with a neighboring atom, carbon can have three different hybridization configu-
rations: sp, sp? and sp? [13]. Each configuration is related to the type of bond formed
with the neighboring atom. If we consider a chain with carbon atoms in their sp? config-
uration, the in plane 2p, and 2p, orbitals combine to form o bonds and the 2p, orbital
remains unchanged and perpendicular to the bonds as illustrated in Figure 1.2. The
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Figure 1.1: Schematic of an inorganic semiconductor crystal structure (a) and corresponding
electronic energy levels (b).

overlap between the 2p, orbitals of two neighboring atom leads to the formation of a =
bond. The remaining sp orbital forms a ¢ bond with a hydrogen atom. We finally obtain
a m-conjugated molecule as illustrated in Figure 1.3 (a).

7T ——
f’— )
>~ P
(__--~
C C
o~ C C
TS
2p, ---"

Figure 1.2: Schematic representation of a m bond formation through the overlap of two 2p,
orbitals.

Alternating ¢ — 7 bonds in molecules, called 7 conjugation, can lead to the = bond
delocalization. The molecule illustrated in Figure 1.3 (a) can be transformed as shown
in Figure 1.3 (b). Such delocalization, as illustrated with a dotted line in Figure 1.3 (c),
enables charge transport in the molecule.
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Figure 1.3: Schematic of a 7 conjugated molecule in its two possible forms (a),(b). The transition
is driven by charge delocalization (c).
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A bond between two carbon atoms in the sp? configuration will lead to 7= bonding
and anti-bonding molecular orbitals as shown in Figure 1.4 (a). If we consider a row
with several carbon atoms forming a molecule with alternating ¢ — 7 bonds, the resulting
number of bonding and anti-bonding levels will increase as illustrated in Figures 1.4 (b)
and (c) [41]. All bonding levels are filled and all anti-bonding levels are empty in the
ground state. The Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO) are separated by a gap. If the row is composed of an infinite
number of atoms, the gap between each discrete orbitals gets very small and the bonding
and anti-bonding orbitals can be considered as bands separated by a gap as shown in
Figure 1.4 (d). In this configuration, the Fermi level is situated in the bandgap, between
the HOMO and the LUMO. Therefore, m conjugated molecule chains exhibit equivalent
semiconducting properties as their inorganic counterparts.

s @ (b) (c (d)
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Figure 1.4: Schematic of the formation of bonding 7 and anti-bonding 7* molecular orbitals for
Ethylene (a), Butadiene (b) and Polyacetylene (c). An alternative representation is given for
Polyacetylene with the formation of energy bands separated by a bandgap E¢g (d). The Fermi
level lies in the bandgap, between the HOMO and the LUMO.

The idea of using organic compounds, and especially 7 conjugated polymers, was first
proposed in 1960 [13] but the first organic polymer with good electrical conductivity was
discovered in 1977. A. J. Heeger, A. G. MacDiarmid and H. Shirakawa discovered the pos-
sibility to dope trans-polyacetylene (Figure 1.5 (a)) upon oxidation and reduction, which
lead to a Nobel Prize in Chemistry in 2000 [12, 42]. During the 1980s and early 1990s,
many studies have been carried out throughout the world to develop convenient and effi-
cient semiconducting polymers. The first challenge was to obtain soluble semiconductors.
This goal was achieved using alkyl side chains [41]. The race to innovation continued
with the development of various building blocks for semiconducting polymers such as
polythiophene (PT), polyparaphenylene (PPP) or polyphenylenevinylene (PPV) (Figures
1.5 (b) to (d)) [43]. By tuning the chemical structure of these compounds, improvement
was made in their electrical properties, absorption spectra and electroluminescence per-
formances. Among those polymers, poly(3-hexylthiophene) (P3HT) (Figure 1.5 (e)) has
been the most widely studied organic semiconductor [44]. This polymer exhibits good
solubility and mobility with its semi-crystalline structure [45]. However, it left room for
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open-circuit voltage (Vpoc), absorption spectrum and stability improvement. More re-
cently, new building blocks have been developed to address these issues. The family of
PTB polymers developed by Liang et al. consists in alternating thieno[3,4-b]thiophene
(TT) and benzodithiophene (BDT) units (Figures 1.5 (f) and (g)) [46]. In this work, we
have chosen a polymer of the PTB family, PBDTTT-c, which will be further presented
in Chapter 2. These polymers exhibit improved mobility, Voo and absorption spectrum.
Although the last decade was dedicated to the constant improvement of semiconducting
polymer performances, one of the main challenges for the years to come is their stability
regarding oxygen, UV, temperature, humidity and electrical stresses.

(b)

(d) - y ]
JVaE : /

S

— —n

Figure 1.5: Molecular structures of trans-polyacetylene (a), polythiophene (b), polyparapheny-
lene (c), polyphenylenevinylene (d), poly(3-hexylthiophene) (e), thieno[3,4-b]thiophene (f) and
benzodithiophene (g).

1.1.2 Transport properties in organic semiconductors

Inorganic semiconductors exhibit a crystalline structure with a 3D repetition of the exact
similar pattern. Moreover, all atoms strongly interact with their neighboring atoms. The
translation symmetry and strong interaction lead to the formation of energy bands with
a long-range delocalization for charges [47]. As a result, in inorganic semiconductors like
crystalline silicon or germanium, electrons and holes can reach mobilities of the order of
10> — 10® ¢m?/V's [47]. In these materials, the mobility is usually limited by scattering
effect. Band-like transport can be observed in highly pure and crystalline small organic
molecules [48] but does not describe the transport properties of most organic semicon-
ductors at room temperature and especially of 7 conjugated polymers.

The synthesis of m conjugated polymers leads to polymer chains of variable lengths.
Moreover, when polymer chains organize themselves to form a solid thin film, the obtained
structure is usually amorphous or semi-crystalline. Different polymer chains can also
exhibit different spatial configurations within the film. Such disorder induces a broad
and inhomogeneous distribution of density of states (DOS) g(F) available for carriers
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[13]. Charged impurities originating from the synthesis or due to the environment also
participate to the DOS broadening. In 1993, Bassler suggested the approximation of DOS
distributions with Gaussian functions as follows [49]:

N E
E)= —=ex <—> 1.1
9(E) oo P\ T 952 (1.1)
where E is the energy of the sites, N the concentration of sites enabling the transport of
charges and ¢ the Gaussian width. The broadening of the DOS distribution compared to
inorganic materials leads to significant changes in the transport mechanisms.

Figures 1.6 (a) and (b) show a schematic representation of the DOS in energy with
respect to the depth of the layer for two different Gaussian distributions. If the Gaussian
distribution is narrow (Figure 1.6 (a)), a high density of sites is situated at the same energy
and close to the center of the Gaussian function. Therefore, the charge carriers benefit
from a highway of sites available for transport enabling an efficient charge transfer from
site to site. In this configuration, the charge is considered delocalized as it can move freely
from one molecule to the other and the resulting mobility is high [13]. However, band-like
transport, as explained in this example, is rarely observed in organic semiconductors.

For a broader Gaussian DOS (Figure 1.6 (b)), the density of sites at a given energy is
reduced. Therefore, the charges are localized on the molecules and need to hop from one
site to the other. This mechanism is called hopping transport and is observed in most
organic semiconductors, which exhibit a reduced mobility [13]. The hopping process in
disordered organic materials has been described by a model proposed by Miller and Abra-
hams [50]. They highlighted the impact of the energetic disorder but also the electronic
coupling between different polymer chains on the transport efficiency. Therefore, a wide
range of mobilities has been extracted in organic semiconductors from 10~7 e¢m?/V's for
amorphous 7 conjugated polymers [51] to 1 — 10 ¢m?/V's for organic materials with a
relatively good crystallinity [52].

When hopping is involved in the transport of carriers, a trade-off takes place between
the need for electrons to decrease their energy and their need for sufficient density of
states. Therefore, due to the broad density of states, the average energy level at which
the transport takes place is not the center of the LUMO (LUMO level) for electrons and
the center of the HOMO (HOMO level) for holes but transport levels E7 situated slightly
below the LUMO level or above the HOMO level for n and p-doping respectively. This
transport level corresponds to the most efficient pathway for carrier transport [53]. If the
number of carriers n or p is low, most of the charges are situated at the tail of the DOS
Gaussian distribution as shown in Figure 1.7 (a) for electrons. An activation energy E,
is then required to bring the charges toward the transport level E7 and enable hopping
transport. On the other hand, if the carrier density increases, the DOS is progressively
filled with a threshold closer to the transport level Ep as illustrated in Figure 1.7 (b). As
the threshold energy between filled and empty states is given by the Fermi level Er, the
determination of the activation energy F 4 can give insight into the position of the Fermi
level with respect to the transport level. This property will be used in Chapter 2 to follow
the impact of doping.

Hopping transport can be strongly affected by energy levels situated in the polymer
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Figure 1.6: Schematic of electron band-like transport for a semiconductor with a narrow DOS
distribution g(E) (a). Schematic of electron hopping transport for a semiconductor with a broad
DOS distribution (b).

bandgap. These trap states, caused by defects, impurity or disorder, capture and emit
charges with a given probability. Figure 1.8 (a) illustrates the different capture and
emission processes for electrons and holes for a trap state situated in the middle of the
bandgap. There exist two families of trap states: donor and acceptor levels. An acceptor
level can trap electrons from the LUMO level affecting the effective electron mobility.
Similarly, a donor level can trap holes from the HOMO level altering the effective hole
mobility. Acceptor states are negatively charged when they are filled with electrons and
neutral when they are empty. Donor states are neutral when filled with electrons and
positively charged when they are empty (or filled with holes).

Trap states impact the carrier transport properties but they also affect the electric field
in the semiconductor layer when they are charged and induce carrier recombinations. The
position of the trap state in the bandgap determines the nature of its impact. Shallow
traps, usually distributed according to an exponential decay from the HOMO or LUMO
DOS and known as tail states, have a strong impact on the carrier transport properties.
On the other hand, when charges are trapped in deep energy levels, they have a higher
probability to recombine with the carrier of opposite charge than being re-emitted in the
transport level, decreasing the efficiency of solar cells and photodetectors. Figure 1.8 (b)

© 2017 Tous droits réservés.
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(@) (b)

Figure 1.7: Schematic of a DOS Gaussian distribution with the center of the LUMO (LUMO
level), the transport level Ep and the Fermi level Er at low electron density (a) and high
electron density (b). The energy difference between the Fermi and transport levels determines
the activation energy for hopping transport.

shows a schematic of tail states and deep states in an organic semiconductor bandgap.
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Figure 1.8: Schematic electron capture and emission in acceptor and donor energy levels situ-
ated in the middle of the semiconductor bandgap (a). Schematic representation of tail states
extending from the HOMO and LUMO DOS and deep Gaussian density of trap states (b).

Charge carriers recombination can be divided in two categories, geminate and non-
geminate [54]. Geminate recombination originate from the annihilation of an electron and
a hole from the same exciton due to the Coulombic interaction. Geminate recombination
are described by the Onsager-Braun model [55]. When an electron and a hole from two
different excitons recombine, the process is called non-geminate. In this configuration,
charges are dissociated before their recombination. A band-to-band recombination is
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known as Langevin or bimolecular recombination [54]. The low carrier mobility in organic
semiconductors is responsible for high Langevin recombination losses [56]. Non-geminate
recombination can also be trap-assisted with the capture of both electron and hole within
the same energy level. Trap-assisted recombination are described by the Schockley-Read-
Hall (SRH) model [57, 58]. Langevin and SRH models will be used in Chapters 4 and
5.

1.1.3 Toward the detection of photons

With the aim of using organic semiconductors in solar cells and photodetectors, we need
to understand the processes enabling the detection of photons. Photons can be absorbed
in organic materials through vibronic interactions in the internal dipoles of the molecule
[13]. For a highly ordered organic material, sharp absorption bands are obtained with
respect to the incident photon wavelength and associated with different vibronic features.
Amorphous polymers exhibit broader Gaussian distribution of their absorption spectrum
due to disorder in the film or solution.

When a photon is absorbed in a semiconductor, an electron is excited from the va-
lence band (or HOMO) toward the conduction band (or LUMO) leaving a hole in the
valence band as illustrated in Figure 1.9 (a). The electron-hole pair generated is called
exciton. In organic materials, the exciton is tightly electrostatically bound due to the low
permittivity €, of these materials (around 3) [13, 59] and is called Frenkel exciton. Due to
the strong interaction between the electron and the hole, Frenkel excitons exhibit a short
lifetime, and therefore a high recombination rate [60]. With an exciton binding energy
typically around 200 or 300 meV in organic semiconductors, the thermal energy (26 meV
at ambient temperature) is not sufficient to dissociate the exciton. For solar cells and
photodection applications, the photo-generated excitons need to be dissociated in order
to collect electrons and holes separately.

The photogeneration efficiency was first enhanced by C. Tang in 1986 [61], who used
a two-layer structure in small molecule organic solar cells. In 1992, the group of Prof.
Heeger used two materials with appropriate energy levels creating an energy offset between
the LUMO of both materials known as heterojunction of type II illustrated in Figure 1.9
(b) [62]. The photo-generated exciton can diffuse over a length of approximately 10 nm
[60, 63]. If the exciton can reach the interface between the two types of materials, the
electron is transferred on the other semiconductor. As the hole remains on the original
material, the exciton is spatially separated increasing its lifetime and forms a polaron.
The dissociation of the electron and hole is described by Braun model [55]. The photo-
generated carriers can be transported and collected separately. The photo-generation of
the exciton, its diffusion, transfer, dissociation and collection are illustrated in Figure 1.9
(b). The two types of organic semiconductors are named donor and acceptor according to
their ability to give or accept an electron. One material can be either acceptor or donor
depending on the complementary material chosen for the heterojunction.

The first organic solar cells processed with a bilayer structure as illustrated in Figure
1.10 (a) was proposed in 1986 by C. Tang [61] followed by the work of Sariciftci et
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Figure 1.9: Exciton formation upon photon absorption in a semiconductor(a). Schematic of the
processes involved in the dissociation of the exciton using an heterojunction of type II: exciton
diffusion, electron transfer, exciton dissociation and carrier collection (b).

al. in 1993 [64]. However, the photon-electron conversion efficiency obtained for these
device did not exceed 1% and 0.04% respectively. This limited efficiency is due to the
low diffusion length of excitons in organic materials. All excitons photo-generated at a
distance greater than 10 nm from the donor-acceptor interface indeed recombine (Figure
1.10 (b)). To address this issue, the groups of Prof. Heeger and Prof. Friend developed
in 1995 a blend heterojunction of donor-acceptor materials [65, 66]. By mixing donor
and acceptor molecules in solution prior to deposition, a blend of intermixing phases can
be obtained enhancing the amount of donor-acceptor interfaces as shown in Figure 1.10
(¢). The optimal structure is obtained when the size of the domains does not exceed
20 nm in order to dissociate all photo-generated excitons. An extensive body of work
started with the aim of improving the solar cells performances through optimization of
the blend heterojunction. In 2009, an exciton dissociation efficiency close to 100% was
achieved by Park et al. [67]. Efficient percolation pathways need also to be generated
in the heterojunction to enable the transport of carriers toward their respective electrode
for collection.

@) (b) ()
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Figure 1.10: Schematic of a donor-acceptor bilayer structure with the exciton dissociation at
the interface and the carrier transport toward the electrodes (a). Due to the limited exciton
diffusion length, only the photons absorbed around the interface can be dissociated. Excitons
absorbed in the striped area have a high probability to recombine (b). Schematic of a donor-
acceptor bulk heterojunction with the exciton dissociation at the interface between donor and
acceptor phases, and carrier transport along the percolation paths (c).

Donor materials in solution printed devices are usually 7 conjugated materials as
described in Section 1.1.1. Acceptor materials require a lower lying LUMO and HOMO
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than donor materials in order to enable charge transfer leading to the exciton dissociation.
A soluble derivative of Cgy, Phenyl-Cg;-butyric acid methyl ester (PCgBM), was the
first acceptor material used in solution printed solar cells by Yu et al. [65]. Solar cells
performances were then improved by replacing PCgBM with [6,6]-Phenyl-C7;-butyric acid
methyl ester (PC7BM), which exhibits a better absorption in the visible region [68]. New
soluble derivative of Cgy were developed as indene-Cgg bisadduct (ICgBA) and indene-Crg
bisadduct (IC7oBA) with an increased LUMO compared to PCgBM and PC7,BM [69, 70].
However, further improvements need to be done in acceptor molecules for solution printed
solar cells, especially to replace PCBM which is responsible for stability issues of the device
through dimerization and formation of aggregates [71, 72]. One of the challenges for the
years to come will be to develop efficient and stable non-fullerene acceptor molecules. The
molecular structures of PCgoBM, PC7oBM, IC4BA and IC7,BA are shown in Figure 1.11.

Figure 1.11: Molecular structure of Phenyl-Cg;-butyric acid methyl ester (PCgyBM) (a), Phenyl-
Cr1-butyric acid methyl ester (PC7oBM) (b), indene-Cgp bisadduct (ICgBA) (c) and indene-Crg
bisadduct (IC70BA) (d).

1.2 Doping in organic semiconductors: how does it work?

Controlled p and n-doping was a key factor in the success of inorganic semiconductor
devices. The ability to control the Fermi level position leads to improved transport and
interface properties. Organic semiconductors are usually undoped and exhibit limited
mobilities. Doping organic semiconductors is essential to reduce ohmic losses and obtain
efficient contacts. Controlled doping can lower the electric field required to drive Organic
Light Emitting Diodes (OLEDs), avoid voltage drops at the active layer-electrode interface
of organic solar cells or reduce the contact resistance in Organic Field Effect Transistors
(OFETs). Efficient ohmic contacts are required for all electronic devices. One of the
major challenges in organic electronics for the years to come will be the development of
efficient, controllable and stable n and p-doping.
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1.2.1 Principles of the doping mechanisms

To introduce the basic principles of semiconductor doping we start by a short summary
of inorganic semiconductor doping. Inorganic semiconductors as Silicon or Germanium
are doped with impurity atoms. Phosphorous and Boron are typical dopants used for n
and p-doping respectively. The Silicon atoms possess 4 valence electrons leading to the
formation of 4 ¢ bounds with the neighboring atoms as illustrated in Figure 1.12 (a).
Phosphorous and Boron atoms possess 5 and 3 valence electrons respectively. Therefore,
the introduction of these impurities in the Silicon lattice leads to the addition of an
electron or hole when they are ionized as shown in Figures 1.12 (b) and (c).
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Figure 1.12: Schematic view of bonds formation in pure Silicon semiconductor (a), Phosphorous
n-doped Silicon (b) and Boron p-doped Silicon (c).

The introduction of atom impurities doping the semiconductor lattice leads to the
formation of states in the bandgap. Impurities giving an electron to the semiconductor
are called donors and the associated energy level is situated a few tens of meV below the
conduction band. Similarly, impurities adding a hole to the semiconductor matrix are
called acceptors and the doping acceptor level is situated a few tens of meV above the
valence band. The position of donor and acceptor levels in the semiconductor bandgap is
illustrated in Figure 1.13. The levels introduced by efficient dopants, usually fully ionized
at room temperature, are shallow states. The ionization of these impurities is associated
with the formation of free carriers in the semiconductor. As a consequence of the addition
of free carriers in the semiconductor, the Fermi level shifts toward the conduction band
for n-doping and valence band for p-doping [23].

The probability of energy levels occupancy is given by the Fermi-Dirac distribution
[23]:
f(B) = 1
" 1+ eapl(E — Br)/kpT)

with E the position in energy, Er the Fermi level, kg the Boltzmann constant and T
the temperature. When the Fermi level gets closer to the dopant acceptor or donor level,
the probability of occupancy of the dopant energy levels decreases leading to a lower
proportion of ionized dopants. As a result, the position of the impurity energy level
in the bandgap is of great importance for the doping efficiency. However, in inorganic
semiconductors, all dopant atoms can be considered ionized at room temperature and

(1.2)
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Figure 1.13: Evolution of the Fermi level position following Fermi-Dirac distribution for an
intrinsic (a), n-doped (b) and p-doped (c¢) semiconductor. The donor and acceptor levels are
shown in blue and red respectively.

concentrations of 1078 — 10~3 dopant per semiconductor atom are sufficient to enhance
significantly the transport properties and tune the Fermi level position [23]. Moreover,
as impurities act as traps, a low doping concentration needs to be maintained to avoid a
significant decline in the effective mobilities of carriers.

In organic semiconductors, n and p-doping is achieved by adding appropriate atoms or
molecules to the polymer matrix. The doping process is usually described by a complete
and direct transfer of an electron from the n-type dopant HOMO to the polymer LUMO
for n-doping and from the polymer HOMO to the p-type dopant LUMO for p-doping
as illustrated in Figure 1.14 [30, 73]. This process is called Integer Charge Transfer
(ICT). Similarly to inorganic semiconductor doping, n-type dopants are called electron
donors and p-type dopants electron acceptors. Considering this doping mechanism, simple
requirements can be stated to obtain efficient charge transfer [74]:

IPp,, < EAp for n-doping (1.3)
IPp < FA,. for p-doping (1.4)

with I Pp,, and I Pp the donor and polymer ionization potential respectively, FAp and
EAj.. the polymer and acceptor electron affinity respectively. Moreover, it has been
shown that the doping efficiency increases when the differences EAp — I Ep,, and EA .. —
I Ep increase for n and p-doping respectively [75, 76, 77].

To quantify the efficiency of a given dopant in a semiconductor matrix, the doping
efficiency is calculated as follows [78]:

Number of free charge carriers generated (n/p)

Ndop = (15)

Number of dopant atoms or molecules (Np/Ny4)

Np and Ny stand for the density of donor or acceptor dopants added to the semiconductor
matrix respectively. Although dopant impurities result in a doping efficiency close to 100%
in inorganic semiconductors, this is not the case in organic materials. An effective charge
transfer between polymer and dopant does not necessarily lead to a free carrier. Indeed,
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Eft

H

Figure 1.14: Schematic of organic semiconductor doping process through integer charge transfer
from the donor molecule to the polymer for n-doping and from the polymer to the acceptor
molecule for p-doping. Lpe, and Hp,, stand for the donor LUMO and HOMO levels, Lp and
Hp for the polymer LUMO and HOMO levels and L a.. and H 4. for the acceptor LUMO and
HOMO level.

due to the low relative permittivity of these materials (around 3-4) [59], the carriers
are strongly bound to the dopant ion through Coulomb interactions [73]. As a result,
achieving 100% charge transfer efficiency does not guarantee a good doping efficiency.

When a generated electron or hole is free in the polymer matrix, a polaron is created
with the formation of two localized states inside the bandgap [30]. Figures 1.15 (a) and
(b) exhibit a schematic representation of negative (electron) and positive (hole) polarons.
The two energy levels shifted from the polymer HOMO and LUMO toward the polymer
bandgap result from the distortion experienced by the polymer and due to the additional
free charge [30]. Therefore, polarons are a signature of ionized organic semiconductor and
is a consequence of the ICT mechanism.

(a) (b)

-
N
s il L

Figure 1.15: Schematic of negative P~ (a) and positive P (b) polarons associated with addi-
tional free electrons and holes respectively.

20

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

1.2. Doping in organic semiconductors: how does it work?

Integer charge transfer (ICT) has been identified in multiple polymer-dopant mixtures
(e.g. P3HT doped with TCNQ derivatives, F;TCNQ doped PF) with the formation of
sub-bandgap absorption peaks associated with the dopant ion or polarons in the polymer
[79, 29, 80]. Polarons in the polymer have also been observed through the formation
of an additional distribution of density of states (DOS) by Ultraviolet Photoemission
Spectroscopy (UPS) for p-doping [81]. It has been shown that polaron states above the
polymer HOMO leads to the saturation of the Fermi level shift, usually called Fermi level
pinning [82]. Other groups have explained this Fermi level pinning with intrinsic tail
states extending in the polymer bandgap [83, 84].

However, some studies carried out on polymer-dopant mixtures are not consistent
with the ICT hypothesis. For MeO-TPD doped with CgoF36 and FgTCNNQ, Tietze et al.
[85] have highlighted the Fermi level pinning a few hundreds of meV above the polymer
HOMO and no additional states expected for polarons are measured [30]. Moreover, new
occupied states have been measured in the polymer bandgap for some polymer-dopant
blends [86, 87, 88]. It has also been shown that p-dopants with a LUMO level lying above
the polymer HOMO can lead to effective p-doping [89, 85]. As ICT fails to explain some
of the observations for a few polymer-dopant mixtures, an alternative model involving the
formation of a Charge Transfer Complex (CTC) has been proposed by Prof. Koch and
coworkers [90, 30].

1.2.2 Alternative model to explain organic semiconductor doping

An alternative to the Integer Charge Transfer (ICT) model consists in the formation of
a Charge Transfer Complex (CTC) between the polymer and the dopant [30]. For n-
doping, the orbital overlap between the dopant HOMO and polymer LUMO can lead to
the energy-level splitting with the formation of supramolecular hybrid orbitals (SMHO)
as illustrated in Figure 1.16 (a). The bonding state situated below the polymer LUMO is
full with two electrons of opposite spin. The anti-bonding state situated above the dopant
HOMO is empty. To n-dope the polymer, the electron needs to be transferred from the
bonding state of the complex toward the polymer LUMO. This process requires energy
AFEp and can be responsible for the limited doping efficiency around 10% obtained in
organic semiconductors [78, 91, 92]. The analogy can be made for p-type doping shown
in Figure 1.16 (b) with the formation of a CTC between the polymer HOMO and the
dopant LUMO. The p-doping of the polymer is obtained with the electron transfer from
the polymer HOMO to the anti-bonding state of the complex situated in the polymer
bandgap. The doping activation energy required is given by AFE 4.

Méndez et al. [92] have shown that a CTC formed between a polymer and a dopant
can be described by a Hiickel-like model with the gap of the complex Egcagc given by the
following equation for p-type doping:

ECTC = 9\ /(IPp — BAug)? + 452 (1.6)

gap

where (3 is the resonance integral corresponding to the intermolecular electronic coupling
between polymer and dopant. In order to decrease the activation energy required to dope
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Figure 1.16: Schematic of organic semiconductor doping through Charge Transfer Complex
(CTC) formation between the n-type dopant HOMO and polymer LUMO for n-doping (a) and
between the polymer HOMO and p-type dopant LUMO for p-doping (b). AEp and AE,4 stand
for the donor and acceptor activation energies.

the semiconductor, the gap of the complex needs to be reduced. According to relation
1.6, the gap of the complex can be reduced by decreasing the coupling S between both
components. Moreover, this equation highlights the possibility of complex formation for
p-dopant with a LUMO level lying above the polymer HOMO (I Pp — EA4.. > 0) and
therefore p-dope the polymer.

Density Functional Theory (DFT) calculations have been carried out on various polymer-
dopant mixtures highlighting the formation of a charge transfer complex with a bonding
and anti-bonding level, which lies several hundreds of meV above the polymer HOMO for
p-doping [90, 93, 92]. These anti-bonding states have also been measured by Inverse Pho-
toemission Spectroscopy (IPES) for F4/TCNQ doped 4T at a high doping concentration
(1:1), which is closer to an alloy of semiconductor and dopant [29].

A doping donor or acceptor level situated a few hundreds of meV below the polymer
LUMO or above the polymer HOMO for n and p-doping respectively leads to Fermi level
pinning close to the dopant energy level [28]. Figure 1.17 illustrates the evolution of the
Fermi level with the addition of p-dopant leading to doping through CTC formation. The
probability of anti-bonding states (acceptor levels) to be filled with an electron is given by
the Fermi-Dirac statistics (Equation 1.2). Therefore, as the Fermi level gets closer to the
dopant acceptor levels, the probability of dopant ionization is reduced. The Fermi level
is pinned between the polymer HOMO and the CTC anti-bonding state where a trade-off
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is obtained between Fermi level shift and doping activation.

(a) (b) (c)

INTRINSIC Low p-doping High p-doping

I
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m
-

Figure 1.17: Schematic view of the band diagram for pure (a), lightly p-doped (b) and highly
p-doped semiconductor (c¢) with the formation of CTC showing the Fermi-level shift with doping.

When the Fermi level is situated close or below the acceptor state for p-doping, a
significant amount of dopant are not activated and act as trap states [85]. This regime
is called impurity reserve regime [91]. When the impurity reserve regime is reached,
the doping efficiency drops dramatically. Taking into account the Fermi-Dirac statistics
described by equation 1.2, the doping efficiency 74, can be described by the following
relation [78]:

1

1+ exp [Lz};f”}

b
Ndop = N7A = (17)

where F 4 is the energy of the p-dopant acceptor level. According to this equation, when
the Fermi level crosses the anti-bonding state, the doping efficiency is 50%. As the
Fermi level continues to shift toward the polymer HOMO, the doping efficiency decreases
dramatically and reaches 2% when the Fermi level is only 100 meV below the acceptor
level. This behavior can explain the Fermi-level pinning a few hundreds of meV above
the polymer HOMO or below the polymer LUMO and the limited efficiencies usually
measured at high doping concentrations [85, 91].

[. Salzmann and G. Heimel [30] suggest that ICT and CTC concern different types of
organic semiconductors. They suggest that ICT is related to the doping of conjugated
polymer and CTC to the doping of films made of small conjugated organic molecules.
However, the global picture of organic semiconductor doping and the origin for the differ-
ent processes remain to be understood. Understanding the doping mechanisms and their
limits is essential to push the boundaries of organic semiconductor doping performances.
In the case of ICT, a simple condition on the position of the dopant energy levels needs
to be fulfilled to achieve efficient charge transfer, but the Coulomb interaction binding
the carrier to the dopant ion needs to be reduced to enable efficient doping. If CTC is
involved in the doping process, a special care needs to be taken on the intermolecular
electronic coupling between both components to reduce the energy level splitting. More-
over, it is crucial to determine the doping process involved in a polymer dopant mixture
to further understand its behavior when incorporated in a complete device. For example,
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ICT leads to dopant ions, which would be sensitive to the field applied to the device. As
a result, a bias stress might cause the diffusion of dopants in the structure. In case of
CTC formation, a strong interaction binds the dopant to the polymer host, which might
prevent from dopant diffusion due to external electric field.

1.2.3 What do we use as dopant?

The rule to obtain efficient p and n-dopants is to design compounds with high electron
affinity and low ionization potential respectively. The first dopants for organic semicon-
ductor doping were simple atoms or di-atoms. The halides iodine (I3) bromine (Bry) and
chloride (Cly) were perfect candidates to p-dope organic semiconductors with their high
electron affinity [42, 94]. Similarly, alkali metals as lithium (Li), sodium (Na), potas-
sium (K) and cesium (Cs) have been used as n-dopants [88, 95, 96, 97]. However, due to
their size, dopant atoms and di-atoms exhibit a high tendency to diffuse in the organic
semiconductor matrix leading to unstable doping properties [98, 88]. Studies on organic
semiconductor doping led to metal oxides as molybdenum trioxide (MoO3), vanadium
oxide (V503) or rhenium trioxide (ReOj3) for p-dopants [99, 100, 101] and inorganic salts
as cesium phosphate (Cs3POy) or lithium nitride (LizN) for n-dopants [102, 103].

To further prevent the diffusion issues and converge toward solution processable dopants,
small organic molecules have been developed. The TCNQ derivative (2,5-Cyclohexadiene-
1,4-diylidene)-dimalononitrile, 7,7,8,8-Tetracyanoquinodimethane (F,TCNQ) is the most
widely used molecular p-dopant (Figure 1.18 (a)) [104, 105]. F,TCNQ can be co-evaporated
with the host semiconductor or dissolved and processed in solution. The fluor atoms
added to the TCNQ structure provide a high electron affinity of 5.24 ¢V [31]. More or
less fluorinated TCNQ compounds have been synthesized with tunable electron affinity
[106]. However, FyTCNQ is highly volatile, exhibits a limited solubility and a strong
tendency to diffuse due to its planar structure [107, 108, 109, 110]. Larger fluorinated
molecules CgoF3¢ (Figure 1.18 (b)) and CgoFys based on fullerene Cgg have been devel-
oped showing good doping efficiencies, low volatility and good thermal stability [111,
85, 112]. The organo-metallic complex molybdenum tris[1,2-bis(rifluoromethyl-)ethane-
1,2-dithiolene] (Mo(tfd)3) shown in Figure 1.18 (c) and its soluble derivatives have been
developed by the group of Prof. Marder and offer promising performances for organic semi-
conductor p-doping [113, 114, 115]. In this study we use one of these soluble derivatives,
tris[1-(trifluoroethanoyl)-2-(trifluoromethyl) ethane-1,2-dithiolene] (Mo(tfd-COCF3)s).

(a) (c)

R F CFs
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Figure 1.18: Chemical structure of p-dopants F4TCNQ (a), CgoF36 (b) and Mo(tfd)s (c).
The development of molecular n-dopant is constrained by the instability expected for
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materials with low ionization potentials upon air exposure [78]. Molecular n-type dopants
comprise molecules as bis(ethylenedithio)-tetrathiafulvalene ((BEDT)-TTF), tetrathianaph-
thacene (TTN) or cobaltocene shown in Figure 1.19 (a)-(c) [116, 117, 118] and organic
salts as pyronin B chloride (Figure 1.19 (d)) or 2-(2-methoxyphenyl)-1,3-dimethyl-1H-
benzoimidazol-3-ium iodide (o-MeO-DMBI-I) [119, 120]. Another approach is to use
air-stable dimers as rhodocene ([RhCps]z) shown in Figure 1.19 (e) or ruthenium (pen-
tamethylcyclopentdienyl) (1,3,5- triethylbenzene) ([Cp*Ru(TEB)]2) [121, 122]. The ob-
jective for the years to come will be the design of more efficient, soluble and stable p and
n-dopant molecules. Recently, Tang et al. [123] have overcome the problem of dedop-
ing and dopant diffusion using counter-ions covalently bounded to the polymer for n and

p-doping.

(c)
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Figure 1.19: Chemical structure of n-dopants (BEDT)-TTF (a), TTN (b), cobaltocene (c),
pyronin B chloride (d) and [RhCps]2 (e).

1.3 Doping to push the boundaries of organic electronic devices

Semiconductor doping is an important tool to enhance the device performances. Bulk dop-
ing improves the transport properties while contact doping creates good ohmic contacts.
Contact and transport properties are key parameters in the development of complete
device structures and can be used to push the boundaries of organic electronics.

1.3.1 Enhancement of the transport properties

Efficient organic semiconductor doping leads to the increase of free carriers, holes for
p-doping and electrons for n-doping. Therefore, the effect of dopants in organic semicon-
ductors can be followed by measuring the free holes or electrons density through Mott-
Schottky analysis, which will be developed in Chapter 2. Figure 1.20 exhibits the hole
density with respect to the molar ratio of dopant F,TCNQ in P3HT (a) and zinc ph-
thalocyanine (ZnPc) (b) reprinted from the works of Pingel et al. [124] and Maenning et
al. [105] respectively. F4TCNQ leads to a hole density increase by 2 orders of magnitude
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at low doping concentration (below 1% in molar ratio) and by 3 orders of magnitude
at higher doping concentrations. Therefore, organic semiconductor with hole densities
usually around 10 em ™ due to dopant impurities as oxygen can reach carrier densities
of the order of 10'® em™3. Nevertheless, to reach carrier densities comparable to doped
inorganic semiconductors, dopant concentrations of the order of a few percents in molar
ratio are required for molecular doping, while densities below 0.1% are used in inorganic
semiconductors.

(@)

-3 10191 B
E RT samples
E ___.—-A A

10" / /

] a 10171

] LT samples

. 10" 1
N T=50°C |

undoped 10°° 10™° 10™* 1072
x/ (F4,TCNQ : thiophene units)

102

0.001 0.01
molar doping ratio F,-TCNQ / ZnPc

Figure 1.20: Hole density of undoped and doped P3HT layers (a). Reprinted with permission
from [124]; Copyright (2012) by John Wiley and Sons. Hole density vs molar doping ratio for
ZnPc layers 30 nm thick doped with F4-TCNQ (b). Reprinted with permission from [105];
Copyright (2001) by American Physical Society.

As the hole density p is directly related to the hole conductivity by the following
relation:

Tp = Dipq (1.8)

with 4, the hole mobility and ¢ the elementary charge, an increase of the hole density leads
to the hole conductivity increase and therefore the improvement of the transport prop-
erties. Similarly, the electron density increase enhances the electron conductivity. The
evolution of organic semiconductor conductivity upon dopant addition has been widely
studied in the literature for various polymer-dopant mixtures [24]. The hole conductivity
evolution for FgTCNNQ doped ZnPc [91] and F,TCNQ doped 4T [29] are shown in Figure
1.21. Depending on the dopant efficiency, the addition of molecular dopants increases the
carrier conductivity by several orders of magnitude reaching values between 10~ S/cm
to 107! S/em [76, 105, 125].

According to relation 1.8, we expect a linear dependency of the carrier conductivity
with respect to the doping concentration. However, in most doped organic semiconduc-
tors, a superlinear conductivity increase is observed at low doping concentration [24].
This superlinear increase has been attributed to the progressive filling of trap states upon
addition of carriers enhancing their mobility [126]. Indeed, a nonlinear evolution of the
conductivity with the doping concentration indicates that the carrier mobility uy,/. evolves
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Figure 1.21: Conductivity of ZnPc:F¢TCNNQ thin films (a). Reprinted with permission from
[91]; Copyright (2015) by John Wiley and Sons. Lateral thin-film conductivity as a function of

the dopant ratio for vacuum co-deposited films of 4T and F4TCNQ (b).

work of Méndez et al. [29)].

Reprinted from the

with doping. Figure 1.22, reprinted from [126], compares the electron conductivity and
mobility evolution with the addition of n-dopants [RuCp*(mes)]s in Cgp. For doping con-
centrations leading to a superlinear increase of the electron conductivity (below 1073 in
Molar Ratio MR at 296 K), the electron mobility increases by 2 orders of magnitude. At
higher doping concentrations, the mobility reaches a saturation regimes and the conduc-
tivity follows a linear increase. The filling of traps at low doping concentrations has been
further studied by Lin et al. [127] with UPS analysis highlighting the filling of tail states
and Gaussian density of states broadening for Mo(tfd)s doped CuPc.
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Figure 1.22: Experimental data (symbols) and simulation results (lines) for the conductivity
of a Cgo layer as a function of doping with [RuCp*(mes)]s for three different temperatures; a
line with a slope of unity is given as guide for the eye (a).
simulation results (lines) for the change in Cgy mobility upon trap filling deduced from the

conductivity data shown in (a) using pe = o./qn (b).

Copyright (2012) by American Physical Society.
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Molecular doping is an important tool to improve the transport properties of organic
semiconductors through carrier generation and trap filling. Although the conductivity
evolution is well understood at low and moderate doping concentrations, its behavior at
high doping concentration is still under debate. The conductivity saturation or decrease
measured at high doping densities might be attributed to dopant aggregation or the
addition of disorder in the polymer matrix [128, 129].

1.3.2 Ohmic contact for improved injection and collection

The improvement of charge carrier injection and extraction is one of the major chal-
lenges in organic electronic devices [73]. Good ohmic contacts are required in transistors,
LEDs, solar cells and photodetectors. The energy level diagram for a metal electrode-
semiconductor interface is illustrated in Figure 1.23 (a). The injection barriers for holes

@7, and electrons @} . are given by the following relations [78]:

O =IP—W;—A, (1.9)

inj

@TL

ng

—W;—EA+A, (1.10)

where W/ is the metal work-function, /P and E'A the semiconductor ionization potential
and electron affinity, and A the dipole formed at the interface between both materials.
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Figure 1.23: Schematic representation of the energy level diagram between a metal electrode
and a pure (a) or p-doped (b) semiconductor layer.

According to relations 1.9 and 1.10, the hole injection can be improved by decreas-
ing /P — Wy, and therefore, aligning the metal Fermi level with the polymer HOMO.
This solution leads to the formation of an ohmic contact. Similarly, a good ohmic con-
tact for electrons can be achieved by aligning the metal Fermi level with the polymer
LUMO. However, the formation of an ohmic contact at metal electrode-semiconductor
interface is limited by the metals work-functions available. Moreover, efficient electron
contacts require electrodes with low work-function and therefore unstable in ambient at-
mosphere [78]. To tune the work-functions of stable materials, self-assembled monolayers
(SAMs) have been developed forming a dipole at the metal interface and changing its
work-function [130]. Another technique consists in using injection layers adjusting the
electrode work-function as zinc oxide (ZnO), molybdenum oxide (MoOy), titanium ox-
ide (TiOy) or PEDOT:PSS [131, 132, 133, 134]. More recently, a thin physisorbed layer
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of poly(ethylenimine) ethoxylated (PEIE) has been developed, reducing significantly the
work-function of various electrode materials with the formation of a dipole at the interface
[135].

Semiconductor doping at the interface with the metal electrode is an efficient solu-
tion to obtain good contacts [78]. The Fermi level alignment between a metal and a
p-doped semiconductor leads to the formation of a space charge region over a depth w
below the electrode with a band bending as illustrated in Figure 1.23 (b). The higher
the doping concentration, the thinner the space charge region and the stronger the band
bending. Therefore, at high doping concentrations, the holes can tunnel through the thin
injection barrier leading to quasi-ohmic contacts [136]. The description and characteriza-
tion of energy alignment at metal-semiconductor interface has been widely studied using
Ultraviolet Photoelectron Spectroscopy (UPS) and Inverse Photoemission Spectroscopy
(IPES) techniques, showing the formation of a band-bending at the interface with doping
(84, 104, 137].

Pure dopant layers have been used to obtain quasi-ohmic contacts in organic electronic
devices [138, 139, 140]. Guillain et al [141] have deposited a thin layer of pure F,TCNQ on
a solar cell active layer obtaining doped interface through thermally activated dopant dif-
fusion. However, the deposition of pure dopant molecules on organic semiconductor layers
might suffer from diffusion issues preventing from localization of doped areas. A mixture
of doped semiconductor can also be used at the interface between pure semiconductor
and the metal electrode. Doped layers have been introduced in organic electronics by
co-evaporation of small molecules and dopants [142, 143, 144]. A stack of pure and doped
semiconductor layers is more challenging with solution printed technologies but emerged
over the last few years using orthogonal solvents or lamination techniques [26]. Indeed,
the deposition of an organic layer dissolved in a compatible solvent with the semicon-
ductor used underneath would lead to the dissolution of the previous layer. Using doped
semiconductor as interface layers offers the possibility to use a wider range of metallic
materials as electrode without constraints on their work-function.

1.3.3 Doping in organic devices: from evaporated OLED to solution printed
solar cells

The operating principle of Organic Light Emitting Diodes (OLEDs) is simple: holes and
electrons are injected in a semiconductor layer where excitons are formed and recombine,
emitting photons. However, the structure of efficient OLEDs is complicated and involves
p-i-n or multiple p-i-n stacks. Surrounding intrinsic layers of organic semiconductors with
p and n-doped layers is essential to reduce the driving voltage [143]. Co-evaporation
techniques enables the development of various OLEDs structures with stacks of pure and
doped layers [145, 146, 147, 148|.

The introduction of organic semiconductor doping in Organic Field Effect Transistors
(OFETs) is significantly beneficial to reduce the source and drain contact resistances [149,
150, 151]. Localized doping at the interface with the electrodes has also been shown to
improve the switching frequencies of transistors [152]. Channel doping can be used to
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tune the threshold voltage and increase the devices stability [153, 154, 155]. Doping has
also been used recently to fabricate inversion OFETs working with minority carriers [144].

Organic semiconductor doping is a useful tool for organic solar cells as well. p-i-n
structures are used to decrease ohmic losses and obtain ohmic contacts at the active layer-
electrode interface [156, 157]. Doped layers are also used as optical spacers optimizing the
efficiency of the device [158]. The efficiency limit for single junction solar cell structures
was estimated around 10-11% [159, 160]. In order to push the boundaries of solar cell
technologies and harvest a broader part of the solar spectrum, tandem devices with stacked
p-i-n junctions have been developed [161].

Therefore, organic semiconductor doping significantly contributed to the performance
improvements of organic electronic devices over the last few years. However, the intro-
duction of localized doped layers in complex structures requires deposition techniques
enabling the superposition of multiple organic layers. Co-evaporation of host and dopant
was mainly used in doped OLEDs, transistors and solar cells. Although solution printed
organic doped layers have been processed, their introduction in complete devices is lim-
ited. In 2014, Dai et al. [26] used a lamination deposition technique to successfully replace
the PEDOT:PSS hole transport layer with a solution processed doped polymer layer. This
study opens a new way toward solution printed devices improvement.
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oromethyl) ethane-1,2-dithiolene| (Mo(tfd-COCF3)3) as p-dopant, a soluble deriva-

tive of Mo(tfd), synthesized by the group of Prof. Seth Marder at Georgia Institute
of Technology. The polymer Poly[(4,8-bis-(2-ethylhexyloxy)-benzo(1,2-b:4,5-b’)dithiophene)-
2,6-diyl-alt-(4-(2-ethylhexanoyl)-thieno [3,4-b]thiophene-)-2-6-diyl)] (PBDTTT-c) is cho-
sen for its promising performances in solar cells and photodetectors. As a first step we
need to check the p-doping ability of Mo(tfd-COCF3)3 on the polymer PBDTTT-c. Con-
ductivity and hole density will be measured to evaluate the p-doping efficiency and follow
the evolution with the doping concentration. The analysis of different regimes has already
been reported in the literature with trap filling at low doping concentration and a decline
of the doping performances at higher doping concentrations [91]. Morphology and chem-
ical analyses will be carried out to improve our understanding of the doping evolution.
Finally, one of the main target of p-doped layers is their use as hole transport layers in
organic electronic devices. Therefore, we will check the ability of Mo(tfd-COCF3); doped
PBDTTT-c to act as efficient HTL in simple devices.

I n this study we have chosen to use molybdenum tris[1-(trifluoroethanoyl)-2- (triflu-

2.1 Molecular p-doping by solution processing

Thin films of pure and doped polymer will be processed throughout this work and in-
tegrated in a complete device structure. PBDTTT-c is chosen as donor material in our
photodetectors and will be used to study the doping properties. The HOMO and LUMO
levels of this polymer have been measured at 5.12 eV and 3.35 eV below the vacuum
level respectively [162]. The chemical structure of PBDTTT-c is given in Figure 2.1 (a).
We chose to p-dope PBDTTT-c¢ with the molybdenum complex, Mo(tfd-COCF3);. The
electron affinity of Mo(tfd-COCF3)3 has not been measured directly as thin films of pure
dopant are difficult to process. An approximation of the electron affinity has been ob-
tained by cyclic voltammetry around 5.6 eV [163]. However, the uncertainty associated
with cyclic voltammetry is significant (error margins larger than +0.1 eV [164]) and recent
discussions with collaborators bring us to an estimation of the dopant electron affinity
closer to 5.3 eV. Although further experiments are required to properly determine the
electron affinity of the dopant, we consider a value of 5.3 eV throughout this thesis. An
electron affinity of above 5.15 eV is suitable for PBDTTT-c¢ p-doping. Contrary to the
planar F,TCNQ, the molybdenum complex offers a 3D structure, which should lead to
improved spatial stability. Figure 2.1 (b) exhibits the chemical structure of the dopant
molecule.

P-doped PBDTTT-c thin films are deposited by solution processing. As a first step,
both components are dissolved separately in an appropriate solvent. PBDTTT-c and
Mo(tfd-COCF3)3 show good solubility in ortho-xylene (o-Xylene), which was selected for
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Figure 2.1: Chemical structure of PBDTTT-c (a) and Mo(tf{d-COCF3)3 (b).

its non-chlorinated composition. The solutions of pure polymer and dopant are stirred
overnight at 45°C. To obtain the solution of doped polymer, the appropriate volume of
dopant solution is added to the polymer solution. The resulting mixture is stirred at 45°C
for 4 hours.

The concentration of dopant in the polymer matrix is determined in Molar Ratio
(MR). The Molar Ratio corresponds to the number of dopant molecules n; added per

monomer of PBDTTT-c n,:
MR="4 [ (2.1)

p

nq and n, depend on the dopant and polymer weight, m, and m,, as follows:

mq
_ 2.2
" (2:2)
m
n, = MZ (2.3)

where My and M,, are the dopant and polymer molecular weights. The molecular weights
of Mo(tfd-COCF3)3 and PBDTTT-c monomer are 858 g/mol and 710.4 g/mol respectively.
As solutions of polymer and dopant are mixed to obtained the final ink, we need to express
mg and m,, with respect to the concentrations (Cy and C,) and volumes (V; and V},) of
both components:

mg = CqVy (2.4)
my = C,V,. (2.5)
As a result, the Molar Ratio is given by the following relation:
CyVa M,
MR = "2y 2.6
vap My ( )

Different printing techniques have been developed to process thin films from solution:
spincoating, inkjet printing, screen printing and roll-to-roll (R2R) or sheet-to-sheet com-
patible techniques like slot die or gravure coating [165]. In this work we have chosen,
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as a first proof of concept, to deposit our thin films using spincoating. This deposition
technique consists in applying a high rotational speed to a substrate, which is maintained
by vacuum. When the solution of polymer is dropped on the substrate, a homogenous
thin film is formed and the solution in excess is ejected from the substrate as shown in
Figure 2.2. Most of the solvent is evaporated during the coating but an annealing step
is usually required to obtain the final solvent-free polymer thin film. The solvent evapo-
ration is indeed critical for the film morphology. Although one of the drawbacks of this
technique is the significant waste of solution, spincoating is particularly appreciated at
the laboratory scale when no patterning is required. The layer thickness can be tuned by
the polymer concentration and the rotational speed applied to the substrate.

Solvent
evaporation
Solution
in excess
Vrot

Figure 2.2: Schematic view of the spincoating deposition technique.

All solution deposition techniques face a challenge when a stack of several organic layers
is required. The deposition of the top layer may lead to the dissolution of the bottom thin
film. To avoid this issue and enable multilayer processing, orthogonal solvent are chosen
for successive depositions [166]. However, finding appropriate orthogonal solvents for
several organic compounds is not straightforward [167, 168]. To overcome this limitation,
a deposition technique of thin films in their solid form has been first reported by Grianstrom
et al. [169] and further developed by Dai et al. [26] to deposit p-doped polymer thin film on
solar cell active layer. This technique called Soft Contact Transfer Lamination technique
is illustrated in Figure 2.3. As a first step the top layer is spincoated on a UV-ozone
treated silicon wafer (Step (a)). After annealing, the thin film is brought into contact
with a Polydimethylsiloxane (PDMS) stamp (step (b)). To transfer the top layer on the
PDMS stamp, the whole sample is dipped in deionized (DI) water (step (c)). The top
layer, in its solid form, is then deposited on the bottom layer previously spincoated on the
device (step (d)). The lamination is completed by carefully removing the PDMS stamp
(step (e)). This technique will be used throughout this work in various experiments.

2.2 Impact of doping concentration on hole conductivity and
hopping transport activation energy

As introduction of this chapter we start by reproducing the work of A. Dai to show
the evolution the hole conductivity and hopping transport activation energy with dop-
ing [25]. As it has been mentioned in Chapter 1, p-doping leads to the increase of the
hole conductivity through the addition of charge carriers in the transport level. Con-
ductivity measurements are therefore a convenient way to verify the p-doping ability of
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Figure 2.3: Schematic of SCTL process: spincoating of the top layer on silicon substrate (a),
PDMS stamp brought into contact with top layer (b), lamination of top layer on PDMS stamp
in DI water (c), lamination of top layer on bottom layer (d) and removal of PDMS stamp (e).

Mo(tfd-COCF3)3 on PBDTTT-c. Moreover, it will help identify the doping concentra-
tions required to observe significant improvements induced by the addition of dopant.
Comparing these concentrations with the literature will give an idea of the efficiency of
this dopant. From temperature measurements, it is also possible to follow the impact of
p-doping on the hole transport mechanism. The determination of the hopping transport
activation energy for holes will highlight the improvement of the transport properties with
doping.

2.2.1 Device processing and experimental set-up

To study the lateral transport of holes we use a hole-only structure with a polymer layer
deposited on inter-digitated gold electrodes. A schematic of the electrode pattern is given
in Figure 2.4 and in Appendix A as Structure 1. This device consists in 15 channels of
150 pm in length and 5 mm in width.

The gold electrodes are evaporated on a glass substrate using a shadow mask to reach
a thickness of 100 nm. A thin layer of titanium (10 nm) is evaporated prior to gold
to ensure a good adhesion of the electrode on glass. Pure and Mo(tfd-COCF3); doped
PBDTTT-c with 8 doping concentrations from 0.5% MR to 8% MR are spincoated on the
patterned gold electrodes and annealed at 150°C for 10 min in glovebox. The thicknesses
of the layers are measured using an Atomic Force Microscope (AFM) and range between
30 and 225 nm. This significant thickness inhomogeneity is due to the difficulty to obtain
polymer-dopant mixtures with similar viscosity at different doping concentrations. A
strong variability in the layer thicknesses might have a non-negligible impact on the
conductivity measurements and need to be considered. The thickness control of p-doped
layers has been improved for further experiments presented in Chapter 3.

35

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

Chapter 2. Electrical characterization of molecular p-doping

Thickness = d

Figure 2.4: Schematic of the gold inter-digitated structure used for conductivity measurements
with variable temperatures (Structure 1).

After processing, the device is transferred to a vacuum chamber (base pressure of
2 x 1071° Torr) for measurements. A sample holder is used to ensure electrical contact
and apply variable temperatures to the substrate. In this experiment, the temperature is
varied from 200 K to 390 K with a step of 5 K using a closed-cycle He refrigerator combined
with a heater. Current-Voltage (I(V)) measurements are carried out from -50 V to +50 V
with a step of 2 V using a Keithley 2400 source meter.

2.2.2 Hole conductivity with varying doping concentration

To extract the hole conductivity for each doping concentration, we measure the I(V) char-
acteristics for the hole only devices. With a work-function around 5.1 eV [170], gold is
chosen as the electrode material to ensure ohmic contact with the PBDTTT-c polymer,
which exhibits an ionization potential of 5.12 eV. Transmission Line Measurement (TLM)
has been used to determine the contact resistance with the gold electrode for pure PB-
DTTT-c. The plot showing the resistance values measured for various channel widths
and lengths is given in Appendix B. The sample exhibits a contact resistance of the order
of 10'° © while the resistance of the polymer layer is measured around 10'2 Q. Therefore,
the contact resistance can be neglected at 0% MR. With doping, we expect a decrease
of the contact resistance as an ohmic contact is formed at the electrode interface. This
evolution will be verified in Section 2.5. Assuming a negligible contact resistance, the
resistance of the film R is related to the material resistivity p by the following relation:

L
R=pg (2.7)

where L is the channel length (150 pum) and S the surface of the channel cross section:
S =wxdx 15. (2.8)

w corresponds to the channel width (5 mm) and the thickness d is given by the layer
thickness when it is lower than the electrode thickness (110 nm) and by the electrode
when it is higher. The conductivity is inversely proportional to the material resistivity.
As a result, the conductivity o can be extracted from the resistance R using the following
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relation:

B L
7 15Rwd’

(2.9)

The I(V) measurements for the pure PBDTTT-c and the 5% MR samples are given
in Figure 2.5. The extraction of the layer resistance R must be done where the current is
linearly dependent on the bias corresponding to the ohmic regime. The I(V) characteristics
of the pure sample is linear from -10 V to +10 V. When doping at 5% MR, the sample
exhibits an ohmic regime in a broader range, from -25 V to +25 V. These concentration
dependent behaviors are taken into account for the resistance extraction. We can also
notice that for the pure PBDTTT-c sample, I(V) measurements are only available for
temperatures above 330 K. Below this temperature, the signal is too low to be analyzed
due to the limited amount of carriers thermally activated toward the transport levels.

@
5x10° - 1x10°1

Current (A)
o

Current (A)
o

9 -
-5x107 4~ -1X10-3‘

-50 -25 0 25 50 -50 -25 0 25 50
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Figure 2.5: I(V) measurements for temperatures varying from 390 to 200 K for pure PBDTTT-c
(a) and doped PBDTTT-c at 5% MR (b).

Figure 2.6 exhibits the current density with respect to the electric field in a logarithmic
scale at 300 K. Only 4 doping concentrations are shown for clarity, although the complete
evolution follows the trend suggested by the arrows. The current density is calculated
taking into account the surface of the channel cross section S and the electric field is deter-
mined from the channel length L. This graph highlights the current evolution by almost
3 orders of magnitude for doping concentrations varying from 0.5% MR to 2.5% MR. The
current density decreases then by one order of magnitude between 2.5% MR and 8% MR.

By extracting R for a given temperature, we can determine the conductivity o using
relation 2.9. To calculate the uncertainty associated with the conductivity we take into
account the error of the extracted resistance AR from the fit and the uncertainty of the
layer thickness estimated around 10 nm from the AFM measurements. The conductivity
uncertainty Ao is therefore given by the following equation:
AR Ad

7 + 7 1 . (2.10)

Ao =0 [
The evolution of PBDTTT-c conductivity at 300 K with Mo(tfd-COCF3)s doping is
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Figure 2.6: Current density with respect to the electric field in a logarithmic scale for 4 doping
concentrations at 300 K.

given in Figure 2.7 (a) with error bars corresponding to the calculated uncertainties. Two
regimes can be observed in this graph. From 0.5% to 2.5% MR the conductivity follows
a superlinear increase with the doping concentration reaching a conductivity around 8 x
107% S/cm at 2.5% MR. This superlinear increase has been attributed to trap filling and
has been observed in several polymer-dopant mixtures [24, 125, 126]. However, the fitting
of the superlinear regime can be discussed as the conductivity for 1% MR is slightly above
the expected value. This discrepancy might be due to the thickness inhomogeneity of the
layers. For doping concentrations above 2.5% MR, a slight decrease is observed with
a power law of -0.5. A decline in conductivity at high doping concentration has been
reported in the literature and is probably due to the creation of new traps in the polymer
[128, 171, 172]. The possible origin for this decline will be further developed in Section

2.4.
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Figure 2.7: Conductivity of PBDTTT-c¢ with respect to Mo(tfd-COCF3)3 molar ratio in a
logarithmic scale at 300 K (a) and at 3 different temperatures (b).
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The hole conductivity o, is related to the hole density p and hole mobility s, by the
following relation:

Op = Phpq (2.11)

with ¢ the elementary charge. Considering a constant mobility, the conductivity should
increase linearly with the hole density driven by the doping concentration. A superlinear
increase of the conductivity is therefore related to an increase of the hole mobility with
doping. A mobility enhancement is associated with the filling of trap states above the
HOMO level enhancing the hole transport properties [173]. When all traps are filled,
the conductuctivity can follow a linear dependency with the doping concentration as the
mobility reaches a saturation regime [126]. However, this linear regime is not observed
in the case of Mo(tfd-COCF3)3 doped PBDTTT-c. Olthof et al. [126] explain that the
impact of traps is temperature dependent leading to a varying power law with respect
to temperature. It is therefore possible that the trap filling regime overcomes the linear
regime at 300 K. If we compare the conductivity evolution at 210 K, 300 K and 390 K,
we can notice that the power law is effectively reduced at higher temperature as shown
in Figure 2.7 (b). However, even at 390 K, no linear regime is reached.

The conductivity of pure PBDTTT-c has not been extracted at 300 K due to a low
signal. However, at 330 K, a conductivity of 2 x 107° S/cm is obtained for pure PB-
DTTT-c. As a result, Mo(tfd-COCF3); enables a hole conductivity increase close to 6
orders of magnitude for PBDTTT-c highlighting its p-doping ability. By comparison,
F,TCNQ leads to an increase of hole conductivity by 4 orders of magnitude at a molar
ratio of 17% for P3HT [171] and slightly more than 3 orders of magnitude at a molar
ratio of 30% for 4T [29].

Hole conductivity measurements of Mo(tfd-COCF3); doped PBDTTT-c at different
doping concentration highlights the p-doping ability of Mo(tfd-COCF3)3. The con-
ductivity evolution with the doping concentrations exhibits two regimes: a superlinear
increase at low concentration and a slight decline above 2.5% MR. The superlinear
increase is associated with trap filling and the decrease might be induced by addi-
tional traps due to the addition of dopant. Around 2.5% MR, the hole conductivity
reaches a maximum value reaching 8 x 10=* S/em, almost 6 orders of magnitude
above the hole conductivity of the pristine material. To our knowledge, this doping
efficiency at 2.5% MR is among the best results reported in the literature.

2.2.3 Impact of p-doping on hole hopping transport activation energy

As mentioned in Chapter 1, the transport mechanism identified in organic semiconductors
is thermally activated and known as hopping transport between localized states [174].
Carriers are strongly influenced by trap states situated above the HOMO level or below the
LUMO level altering the transport rate. Considering a Gaussian distribution of Density of
States (DOS), we can identify an energy level Er within this distribution where the most
efficient transport of carriers takes place (see Section 1.1.2) [53]. For carriers trapped below
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the transport level, energy is required to activate these charges toward Er. Therefore,
temperature measurements give insight into the energy required for trapped carriers to
reach the transport level.

The hole conductivity is described by an Arrhenius law with E 4 the activation energy
of hopping transport [175, 76]:

Ea
op = 00eTP | ——— 2.12

p T o0 ( k:BT) (212)
with ¢ a pre-factor, kg the Boltzmann constant and T the temperature. Therefore, hole
conductivity measurements at variable temperatures leads to the determination of the
hopping transport activation energy FE 4 for holes.

Figure 2.8 (a) shows the conductivity with respect to 1000/T in a semi-logarithmic
scale for pure PBDTTT-c and the 8 doping concentrations studied. This representation
enables a direct control of the Arrhenius law through a linear fitting with the extraction
of the activation energy FE4 from the slope and the pre-factor oy from the intercept. The
corresponding activation energy evolution with doping concentration is given in Figure

2.8 (b).

We can observe in Figure 2.8 (a) a decrease of the slope with increasing doping con-
centration. This evolution is directly linked with the activation energy decrease shown
in Figure 2.8 (b). For pure PBDTTT-c, an activation energy of 570 meV is extracted.
This energy strongly decreases with doping up to 2.5% MR reaching 240 meV. Above this
threshold, the decrease of the activation energy is much lower and reaches 230 meV at

8% MR.
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Figure 2.8: Arrhenius plot of conductivity for pure and Mo(tfd-COCF3)3 doped PBDTTT-c
with respect to the inverse of temperature in a semi-logarithmic scale (a) and corresponding
hole hopping transport activation energy with respect to the doping molar ratio (b).

A reduction of the activation energy is due to a lower impact of traps on the transport
of carriers and the shift of the Fermi level toward the transport level [126]. As a result,
the strong decrease of the activation energy observed up to 2.5% MR for Mo(tfd-COCF3)3
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doped PBDTTT-c and for several other polymer-dopant blends in the literature is asso-
ciated with the gradual filling of trap states above the HOMO level with holes [76, 176,
177]. This is consistent with the superlinear increase of hole conductivity observed up
to 2.5% MR. The hopping transport mechanism for holes is enhanced as the Fermi level
shifts toward the transport level increasing the occupation probability of the Gaussian
DOS and filling progressively the trap states with holes.

The saturation of the activation energy at high doping concentration has been at-
tributed to the creation of new trap states by Olthof et al. [126]. This hypothesis ex-
plaining the slower evolution observed above 2.5% MR would be consistent with the
conductivity decline observed above this threshold.

2.2.4 Trap filling and saturation regimes

I(V) measurements at variable temperatures has enabled the study of both hole con-
ductivity and hopping transport activation energy evolution with doping concentration.
This experiment demonstrated the p-doping ability of the Molybdenum complex Mo(tfd-
COCF3); on PBDTTT-c but also highlighted the presence of two distinct regimes for
doping concentrations below and above 2.5% MR.

The superlinear increase of the conductivity and the strong decrease of the hopping
transport activation energy are attributed to trap filling. This regime is illustrated in
Figure 2.9 (a) and (b). When a p-dopant is added to a semiconductor, electrons from the
polymer HOMO are transferred toward the dopant. If the semiconductor exhibits trap
states above its HOMO level, the first electrons to be transferred to the dopant come
from these energy levels. As electrons are removed from donor traps, we talk about trap
filling mechanism. As a result, holes from the transport level will not be attracted by the
donor traps, which are positively charged when filled with a hole. This process enhances
the hole mobility leading to a superlinear increase of the conductivity.

The activation energy decrease is driven by the shift of the Fermi level toward the
HOMO level upon addition of new carriers, filling trap states with holes and enhancing
hopping transport. A saturation of the activation energy above 2.5% MR can therefore
be attributed to the creation of new defects altering the transport mechanism or to a
saturation of the Fermi level shift. This regime is illustrated in Figure 2.9 (c).

The conductivity saturation or low decline above 2.5% MR could be consistent with
the creation of new trap states with the addition of dopants. These new energy levels are
often attributed to strong Coulomb interaction with the ionized dopant [173] or changes
in the polymer morphology [129, 178]. This hypothesis will be considered in Section 2.4.
It has also been observed that the Fermi level shift in organic semiconductor doping is
limited and saturates several hundreds of meV above the HOMO [91, 84]. In the case
of Mo(tfd-COCF3)3 doped PBDTTT-c, the Fermi level lies 400 meV above the polymer
HOMO for a doping concentration as high as 10% MR [25].

There are still unknowns regarding the behavior of organic semiconductor doping at
high doping concentration. Understanding the mechanisms leading to the saturation or
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Figure 2.9: Schematic of a polymer band diagram with donor traps above the HOMO (a). Upon
doping the Fermi level shifts toward the HOMO and traps are progressively filled with holes (b).
At high doping concentrations, new defect states are created (donor or acceptor) and the Fermi
level saturates several hundreds of meV above the HOMO.

decline of the conductivity and hopping transport activation energy would help finding
some solutions and overcome this efficiency barrier. Also, it is still unclear why concentra-
tions of several % MR are required to reach significant doping impact while concentrations
as low as 107 MR are required in inorganic semiconductor doping [74].

2.3 Evolution of hole concentration with p-doping

The major impact of semiconductor p-doping is the increase of hole concentration in the
valence band (or HOMO for organic semiconductors). This density increase results in
the shift of the Fermi level toward the valence band. Therefore, p-doping leads to the
conductivity increase as well as the effective lowering of injection barriers through energy
level alignment. This effect will be studied in Section 2.5 of this chapter.

Looking at the evolution of the hole concentration in the polymer with the molar ratio
of dopant added can give information about the effective impact of doping and its effi-
ciency. Hole and electron densities in p and n-doped semiconductor respectively are gen-
erally extracted from capacitance measurements either on MIS (Metal Oxide Semiconduc-
tor) capacitors [99] of Schottky diodes [179]. In this study we will use the Mott-Schottky
extraction technique on Schottky diodes, which will be used for further experiments in
Chapter 3.

2.3.1 Mott-Schottky law and Schottky diodes processing

The theory of Mott and Schottky has been demonstrated in inorganic semiconductors
doped with variable doping concentrations [180]. It relies on the formation of a charge
depletion zone upon doping to follow Poisson’s equation. Capacitance measurements of
appropriate diodes are carried out with variable applied bias to extract the density of
ionized dopants using the Mott-Schottky relation.

Capacitance measurements require the application of a small oscillating AC signal
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with a typical amplitude around 10-100 mV added to a constant DC bias. Upon doping,
charges in the semiconductor layer can oscillate to follow the AC component of the applied
signal. Therefore, the charges induced by doping participate to the overall capacitance. By
applying a reverse bias, a charge depletion zone is formed and the charges are progressively
extracted from the semiconductor layer. For a homogeneous doping in the semiconductor
layer, the evolution of capacitance C' with the applied DC bias V follows the Mott-
Schottky law (for p-type doping here) [181]:

1 2
= (V= V). 2.13
o qeoerpAQ( i — V) (2.13)

In this equation, ¢ is the elementary charge, ¢, the vacuum permittivity, €, the relative
permittivity, p the free holes density, A the diode area and V}; the diode built-in voltage.
Therefore we can extract the hole density p from C(V) measurements on a Schottky diode.

To carry out the C(V) measurements and extract the hole density in PBDTTT-c (p-
type semiconductor) with and without doping, we need to fabricate hole-only devices with
one ohmic contact for holes on one side and one Schottky contact on the other side to
create a depletion zone in reverse bias regime. We will show in Section 2.5 of this chapter
that p-doping PBDTTT-c decreases the injection barrier for holes leading to a good ohmic
contact for an electrode work-function of 4.5 eV. Therefore, we decided to surround the
doped layers by two pure layers avoiding any interface effects and ensure effective Schottky
contact on the aluminum side. PEDOT:PSS is used as bottom electrode and aluminum
as top electrode. The complete structure and the band diagram of the device studied are
presented in Figure 2.10 and in Appendix A as Structure 2. Devices with pure PBDTTT-c
and p-doped PBDTTT-c¢ with 0.5%, 1%, 2% and 5% MR are fabricated.

(a) (b)

-33eV. 335V -3.35eV
100 nm Al
70 nm PBDTTT-c

PEDOT: Al

Fr PBDTTT-c PBDTTT-c
-43eV
70 nm i PBDTTT-c
ITo
150 nm PEDOT:PSS
-47eV

110 nm ITO

-49eV. o isev -5.15eV

Figure 2.10: Structure (a) and band diagram (b) of the Schottky diode processed for Mott-
Schottky analysis (Structure 2).

The diodes are processed on ITO/coated glass substrates. The 110 nm thick ITO
is patterned by photolithography and the substrates are cleaned in ultrasonic baths of
acetone and isopropanol for 15 minutes each. PEDOT:PSS is spin-coated on UV-ozone
treated ITO and annealed at 115°C under nitrogen for 10 minutes to reach a thickness of
150 nm. A thin layer (70 £ 10 nm) of PBDTTT-c is then spin-coated on PEDOT:PSS
and annealed at 115°C under nitrogen for 10 minutes as well. The layer of interest, pure
or doped, is deposited on a cleaned silicon substrate, annealed at 115°C under nitrogen
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for 10 minutes and laminated following the SCTL process described in Section 2.1. The
thicknesses of pure and doped layers are summarized in Table 2.1. Another 70 nm thick
layer of pure PBDTTT-c is laminated on top of the structure. After the two lamination
steps required in this process, a 100 nm thick aluminum top electrode is evaporated
through a shadow mask in a vacuum chamber. To limit the impact of oxygen on the hole
density extraction, the diodes are encapsulated in glovebox with glass using an epoxy
glue.

The references and suppliers information of all the materials used for processing are
summarized in Appendix C.

Table 2.1: Thicknesses of pure and doped layers of PBDTTT-c processed in the Schottky diodes
for hole density extraction and measured with a contact profilometer.

MR (%) Thickness (nm)

0 165 £ 10

0.5 100 £ 10
1 110 £ 10

165 £ 10

) 165+ 10

C(V) measurements are carried out in the dark using a probe-station and an LCR
meter Agilent E4980A. The capacitance is measured for a DC bias varying from -5 V to
+2 V with an AC signal of 100 mV in amplitude and a frequency of 100 Hz. A relatively
low frequency is chosen to enable the charges generated by doping to follow the oscillating
signal and participate to the measured capacitance.

2.3.2 Ionized dopant concentration

The C(V) measurement at 100 Hz and ambient temperature for the pure polymer is
given in Figure 2.11 (a). In reverse bias, the diode is progressively depleted leading to
the decrease of the capacitance. When the diode is completely depleted, the capacitance
reaches the geometric capacitance Cle,:

€o€, A
d

Cheo = (2.14)
Knowing the diode area A and layer thickness d, this relation can be used to extract
the polymer relative permittivity €., which is necessary determine the hole density. The
sample with pure PBDTTT-c exhibits a geometric capacitance of (3.90 £0.02) x 10719 F
reached around -3 V. The accuracy of the permittivity is limited by the uncertainty of
the effective surface area A. For photodetectors, we usually measure the active area by
scanning the photocurrent on the diode. Since no blend heterojunction is used in our
device, this technique cannot be used. However, for similar processes we obtain effective
areas between 4.7 and 5.1 mm?. Taking into account a layer thickness of 305 nm, which
is measured by contact profilometer, we obtain a permittivity of 2.8 0.1, consistent with
values around 3 usually obtained for organic semiconductors [59].
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2.3. Evolution of hole concentration with p-doping

The Mott-Schottky plot for the pure polymer corresponding to the plot of 1/C? with
respect to the applied bias is shown in Figure 2.11 (b). According to equation 2.13, it is
possible to extract the hole density p by taking the slope of this plot in the linear regime

into account: 5

p=——"—"1r3y"
qGOETA2 d<d§)

This equation is only valid when the diode is not fully depleted. In the case of pure
PBDTTT-c, the Mott-Schottky extraction can be carried out around 0 V. Below -1 V|,
the Mott-Schottky plot saturates as the depletion width reaches the active layer thick-
ness. From this fit we obtain a hole concentration p of (5.4 & 0.7) x 10'® ¢m™3 for pure
PBDTTT-c. Usually, p-doping in organic semiconductors is attributed to unintentional
oxygen doping or defects [182, 183]. However, Kirchartz et al. [184] have highlighted the
limits of the Mott-Schottky extraction technique at low doping densities. They deter-
mined that, for a diode with a schottky contact and a layer thickness around 300 nm,
the Mott-Schottky extraction technique is not appropriate for hole concentrations be-
low 4 x 10'® em ™3 because the depletion approximation is not valid. With a hole density
around 5x 10 em =3, it is difficult to consider the value extracted using the Mott-Schottky
relation as reliable.

(2.15)

15 (a) 1 1 1 1 1 - 8)(1018 (b) 1 1 1 1 1
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Figure 2.11: C(V) characteristic (a) and Mott-Schottky plot (b) for pure PBDTTT-c. The
geometric capacitance and hole densities are indicated.

The C(V) characteristics for 0.5%, 1%, 2% and 5% MR are shown in Figure 2.12
(a), (c), (e) and (g) respectively. To extract the hole density we use the Mott-Schottky
representation given in Figure 2.12 (b), (d), (f) and (h). For a homogeneous doping,
the hole density p can be extracted from the linear dependency of 1/C? in reverse bias.
Homogeneity is respected for the sample with the pure polymer. For the doped samples, no
linear behavior can be obtained over the full bias range as the doping is not homogeneous
in the device. At low reverse bias, the pure PBDTTT-c layer at the aluminum electrode
layer is depleted. The hole density extracted in this regime corresponds to the pure layer.
At higher reverse bias, the pure layer is totally depleted and the depletion reaches the
doped central layer of polymer. Therefore, it is important to determine at what biases
the Mott-Schottky analysis needs to be carried out.
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Figure 2.12: C(V) characteristic (a), (c), (e), (g) and Mott-Schottky plot (b), (d), (f), (h) for
doped PBDTTT-c at 0.5%, 1%, 2% and 5% MR.
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According to Khelifi et al. [182], the hole density profile in the semiconductor layer
can be obtained from the Mott-Schottky law generalized for inhomogeneous doping:

d(l/C’f)_ 2
AV qA2%ee,p(w)

(2.16)

where ¢ is the elementary charge and w the depth in the semiconductor layer given by
the capacitance at a given voltage Cj:
_ Aepey

C; = . (2.17)

w

As an example, the profile of the hole density is given for the 1% MR sample at 300 K in
Figure 2.13. A plateau is reached above 87.5 nm (from the aluminum electrode). Below
87.5 nm, the hole density of the pure polymer should be measured as only the pure layer
is depleted. This threshold corresponds to an applied bias of -1 V. When the applied bias
is lower than -1 V| the depletion reaches the doped layer leading to the desired value of
p. This graph illustrates the origin of the two slopes observed in the Mott-Schottky plots
for the samples with a doped layer.

3x10* '
pure layer doped layer
2x10*+ V>V | v<-1v -

p (cm?)

1x10"°4 n n - r

w (nm)

Figure 2.13: Hole density profile in the semiconductor layer for the 1% MR sample measured
at ambient temperature.

Therefore, only the second slope is taken into account for the Mott-Schottky analysis
for each doping concentration as shown in Figure 2.12 (b), (d), (f) and (h). The hole
densities extracted vary from (1.4 £0.2) x 101" em ™2 for MR=0.5% to (44-1) x 10! em ™3
for MR=5%. The determination of the linear region for the highest doping concentration
(5% MR) is not straightforward. As a result, caution needs to be taken about the extracted
value of p at 5% MR.

In order to evaluate and quantify the efficiency of the polymer p-doping by Mo(tfd-
COCF3)s, the ratio between the density of free holes p and the total density of molecular
dopants N4 called doping efficiency 7 is considered:

p
-2 2.1
= (2.18)
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The total density of molecular dopants N4 is obtained by multiplying the polymer total
site density Ny by the molar ratio M R:

N4 = Ny x MR. (2.19)

To determine the total site density in PBDTTT-c we have measured its mass density. By
determining the volume of a fluid (e.g. water) displacement upon addition of a certain
quantity of polymer, we can determine its volume. Combined with the measurement of
its mass, we obtain a PBDTTT-c mass density ppsprrr. of 0.242 g/ ecm?. Considering the
monomer molecular weight Mppprrr.. of 710.4 g/mol and that one monomer leads to one
available site as it is usually considered in organic materials [124], we calculate the total
site density using the following relation:

Ny = Lrmerrre N (2.20)

MPBDTTT»C
with N, the Avogadro number. We obtain a total site density of 2.05 x 10%** ¢m™3 for
PBDTTT-c. This value is consistent with the total site density usually measured for
organic semiconductors around 10%° — 102! ¢m™3 [124, 185]. The hole density and the

corresponding doping efficiency for each doping concentration measured are summarized
in Table 2.2.

Table 2.2: Hole density extracted using the Mott-Schottky relation and corresponding doping
efficiency for each sample.

MR (%) p (em™) n (%)
0 (5.4 +0.7) x 10
0.5 (1.4+£02) x 1017 14+2
( )
( )

1 1.6 £0.2) x 10'® 80+ 10
2.840.4) x 10 70+ 10
5 (44+1) <10 40410

The evolution of the hole density and the doping efficiency with the doping concen-
tration are shown in Figure 2.14. The hole density exhibits a superlinear increase below
1% MR and a sublinear increase above 1% MR. The superlinear increase at low dop-
ing concentration is probably related to the trap filling phenomenon identified through
conductivity measurements. This regime is accompanied with a low doping efficiency
(1442 % at 0.5% MR) as most of the molecular dopants added to the polymer contribute
to trap filling. The doping efficiency reaches a maximum value of 80 + 10 % at 1% MR
for the samples measured. A doping efficiency around 80% is around the best doping ef-
ficiencies reported in the literature for organic semiconductor doping [59, 78|. This result
illustrates the p-doping ability of Mo(tfd-COCF3); on PBDTTT-c.

The doping efficiency decreases slightly between 1% and 2% MR and drops above
2% MR to reach 40 + 10 % at 5% MR, although the hole density is not determined with
good accuracy at 5% MR. A decrease of the doping efficiency above 1% MR is consistent
with a sublinear increase of the hole density and can be explained either by the formation
of dopant aggregates limiting the interaction with the polymer host or a saturation of the
Fermi level below the acceptor state [181, 91]. When the Fermi level crosses the acceptor
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state responsible for p-doping, the probability of dopant ionization is reduced. This regime
is called impurity reserve regime in inorganic semiconductors. In this case, the increase
of empty acceptor states upon doping can be related to the increase of trap states. Both
dopant aggregates and formation of trap states with doping have been suggested to explain
the conductivity decrease above 2.5% MR. A decrease of the doping efficiency at higher
doping concentration has already been reported in the literature for various polymer-
dopant mixtures [181, 186]. Tietze et al. [85] have highlighted the relation between the
doping efficiency decrease and the position of the acceptor state in the bandgap. This
hypothesis will be further developed in Chapter 3.

10" L 100
J>‘ /* 80
— - 60
§ 101 g
~ o=
o 40
L 20
— N;;
107 +— — 110
1 10
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Figure 2.14: Hole density and doping efficiency with respect to the molar ratio.

The determination of the hole density with doping reaching values around 3 X
10" ¢m™3 confirmed the p-doping ability of Mo(tfd-COCF3)3 on PBDTTT-c. By
comparing the density of free holes with the total dopant density added to the poly-
mer host, we extracted the doping efficiency of this polymer-dopant mixture. The
efficiency of 80% measured at 1% MR is among the best doping efficiencies reported in
the literature for organic semiconductor doping. However, above 1% MR the doping
efficiency decreases significantly highlighting the limits of the doping process. This
decrease might be explained by the formation of dopant aggregates or the entry in
the impurity reserve regime with the saturation of the Fermi level below the accep-
tor state. Further work will be carried out to understand the origin of this limited
efficiency at high doping concentration.

2.3.3 p-doping activation energy

In inorganic semiconductors, doping with impurities leads to the formation of energy
levels within the bandgap. For n-doping donor states are introduced a few tens of meV
below the conduction band. Similarly, acceptor states are formed a few tens of meV above
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the valence band for p-doping. The energy required to dope the semiconductor is called
ionization energy or thermal dopant activation energy. A schematic of the semiconductor
bandgap with neutral and charged donor and acceptor states is shown in Figure 2.15.

cB xe
AER Y, (L +

Vg AEal_ -

Figure 2.15: Schematic of the donor and acceptor states in their neutral and charged form.

The thermal dopant activation energy for holes AE4 can be determined from hole
density p extraction at different temperatures. An Arrhenius relation links the hole density
with the thermal dopant activation energy [181]:

AEA>

(2.21)

P X exp <_quT

Therefore, AE 4 can be obtained from an Arrhenius plot of In(p) with respect to q/kgT.

This extraction technique is limited to a small temperature range for Mo(tfd-COCF3);
doped PBDTTT-c. Below 0°C, capacitance measurements with respect to the applied
bias indeed exhibit a very low signal. Moreover, we have chosen to limit temperature
measurements of these devices at 40°C' to avoid potential dopant diffusion issues in the
pure layers. As a result, the evolution of the hole density with temperature is carried out
from 5°C' to 40°C' on the Schottky device shown in Figure 2.10.

The Mott-Schottky plots at different temperatures for 1% MR is shown in figure
2.16 (a). We can observe a slight decrease of the slope in the reverse bias regime with
temperature. The corresponding Arrhenius plot is shown in Figure 2.16 (b). A linear
fit of these data leads to a thermal dopant activation energy of 33 4+ 2 meV. However,
the thermal dopant activation energy extraction is limited by the significant uncertainty
obtained for the hole density and the short temperature range studied.

The thermal dopant activation energy obtained for Mo(tfd-COCF3)3 doped PBDTTT-c
is consistent with the values reported in the literature. Pahner et al. [181] have measured
activation energies of 54 meV and 19 meV for PEN:CgoF36 and PEN:F¢TCNNQ respec-
tively. A value of 32 meV has been obtained for F¢TCNNQ doped MeO-TPD by Tietze
et al. [85].

However, the interpretation of AE, in doped organic semiconductor is not straight-
forward. In impurity doped inorganic semiconductors, AFE, is defined as the energy
difference between the valence band and the acceptor state associated with the impurity
as illustrated in Figure 2.15. This description is valid for a sharp valence band and a
well-defined single acceptor state [85]. Organic semiconductors exhibit broad Gaussian
density of states and potential exponential tail states while doping acceptor levels are also
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Figure 2.16: Mott-Schottky representation of capacitance measurements from 5°C to 40°C for
1% MR (a) and corresponding Arrhenius plot of the doping activation with temperature (b).

distributed in the bandgap. Therefore, it is unclear whether we can directly link AFE 4
with the position of the acceptor state above the HOMO. The question of doping acceptor
states will be developed in Chapter 3.

2.4 Possible origin of limited doping efficiency at high concen-
tration

In Sections 2.2 and 2.3 we have highlighted the p-doping ability of Mo(tfd-COCFj3)3 in
PBDTTT-c through conductivity and hole density extraction with respect to the doping
concentration. However, both parameters highlight the limited doping ability at high
doping concentration. A slight reduction of the conductivity above 2.5% MR has been
observed accompanied with a saturation of the hole hopping transport activation energy.
Such behavior are usually attributed to the creation of trap states upon doping or the
formation of dopant aggregates limiting the interaction with the polymer host [129, 128].
The decrease of the doping efficiency observed above 1% MR would be consistent with
both hypotheses.

In this section we will study potential morphology changes with the formation of
aggregates in the polymer-dopant mixture. Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) techniques will be used to follow the evolu-
tion of Mo(tfd-COCF3)3; doped PBDTTT-c layers with doping concentration. Chemical
analyses will also be carried out to deepen our understanding of the morphology evolution.

2.4.1 Formation of aggregates with increasing doping concentration

Regarding the previous results, we would like to determine whether aggregates of dopant
or polymer-dopant mixture are formed in the layer with doping. SEM is relevant to carry
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out this study as the Molybdenum atomic number (Z,;, = 42) is much higher than the
atomic number of the organic elements in the polymer (Zo = 6, Zp = 8, Zs = 16 and
Zg = 1). Although SEM is a surface analysis technique, if aggregates containing the
Molybdenum complex are formed in the polymer matrix, we should be able to observe
differences in the SEM images.

The samples of pure PBDTTT-c and Mo(tfd-COCF3)3 doped PBDTTT-c with 7 dif-
ferent doping concentrations from 0.5% MR to 6% MR are prepared on Borosilicate glass
substrates. The layers are processed by spin-coating and annealed at 115°C for 10 min
under nitrogen. A few monolayers of platinum are deposited on the pure or doped layer to
evacuate the charges generated during the SEM measurements and avoid charge build-up
in the substrate.

Measurements are carried out with a SEM Leo 1530 from Zeiss at an accelerating
voltage of 3 kV. Secondary electrons are used for this analysis and the working distance
varies from 2.7 to 3.5 mm. Figures 2.17 (a) to (h) exhibit the SEM images of the samples
from 0% MR to 6% MR.

From 0% MR to 1% MR, the layer is uniform and no particular modification can be
observed on the SEM images. At a doping concentration of 2% MR, some nanoparticles
can be identified on the layer in lighter grey. The increase of brightness can be due to an
increase of the atomic number Z of the components. An increase of Z would be consistent
with the formation of aggregates containing the Molybdenum complex. Above 2% MR,
the density of aggregates increases.

Images with a higher magnitude are recorded to have a more precise view of the
aggregates and their evolution with doping concentration. Figure 2.18 (a) to (c¢) shows
the SEM images for the doping concentrations 2%, 3% and 4% MR. The size of the
aggregates are estimated with two cursors. All aggregates exhibit a diameter around
20 nm and their size is not influenced by the doping concentration between 2% and
4% MR, only the density of particles on the surface increases with doping.

The formation of aggregates or phase segregation have been reported in the literature
for several doped organic semiconductors. Deschler et al. [129] have reported the forma-
tion of dopant rich domains in F,TCNQ doped P3HT and PCPDTBT. They correlated
the phase separation with the conductivity saturation observed for both polymer-dopant
blends. The aggregation of doped polymer domains has been identified in F,TCN(Q doped
PBTTT-Cy4 by Cochran et al. [187].

In order to analyze the composition of the aggregates we have carried out TEM mea-
surements. A FEI Tecnai Osiris TEM microscope is used and operated at an accelerating
voltage of 200 kV. A solution of Mo(tfd-COCF3); doped PBDTTT-c at 5% MR is pre-
pared in ortho-xylene and 2 pL of the solution is deposited on a metal grid. Aggregates
with varying shape and sizes are observed in TEM images as shown in Figure 2.19 (a) to
(d). Small aggregates with a diameter around 20-30 nm are recorded surrounded by larger
aggregates reaching 100-500 nm. We believe that the bigger aggregates are due to the
formation of clusters with the smaller aggregates observed in SEM images. Admittedly,
differences can occur in the size of the aggregates between SEM and TEM analyses as one
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Figure 2.17: Scanning Electron Microscopy (SEM) images of the pure PBDTTT-c (a) and
Mo(tfd-COCF3)3 doped PBDTTT-c at 0.5% MR (b), 0.7% MR (c), 1% MR (d), 2% MR (e),
3% MR (f), 4% MR (g) and 6% MR (h).

experiment is carried out on annealed thin films while the other analysis is conducted on
solution. However, the composition should not be affected by the film formation and the
annealing step. Therefore, TEM analysis is a useful tool to determine the composition of
the aggregates.

An energy-dispersive X-ray (EDX) analysis is carried out on a cluster shown in Figure
2.20 (a) to determine their composition using an X-ray detector. The EDX spectrum
is shown in Figure 2.21. We observe the peaks corresponding to the expected organic
compounds Carbon, Sulfur and Oxygen. Those 3 components are found in the polymer
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Figure 2.18: Scanning Electron Microscopy (SEM) images of the Mo(tfd-COCF3)3 doped PB-
DTTT-c at 2% MR (a), 3% MR (b) and 4% MR (c).

B

Figure 2.19: TEM images of the 5% MR sample obtained with an acceleration voltage of 200 kV
for different spots on the grid at 4 different magnifications: 8.9kx (a), 13.5 kx (b) and 64 kx
for (¢) and (d).

and the dopant. Moreover we can observe the peaks corresponding to Fluor and Molyb-
denum, which are only found in the dopant. However, the Molybdenum cannot be taken
into account in this study as this component might be present in the TEM microscope.

The Figures 2.20 (b), (¢) and (d) show the map of Fluor, Sulfur and Oxygen respec-
tively on the area scanned by the X-ray detector. Sulfur and Oxygen are found on the
whole area, although the cluster exhibits a higher density of both components. Fluor
is mainly observed in the cluster indicating that Mo(tfd-COCF3); dopant is probably
mostly situated in the aggregates and clusters of aggregates. However, we cannot de-
termine whether the aggregates contain some PBDTTT-c molecules as no atom (except
Hydrogen) is specific to the polymer.
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Figure 2.20: TEM images of the 5% MR sample obtained with a magnifications of 56kx (a)
and the Fluor (b), Sulfur (c) and Oxygen (d) maps obtained by EDX.

Figure 2.21: EDX spectrum of the aggregates cluster analyzed for the 5% MR sample.
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Regarding the Scanning Electron Microscope (SEM) images obtained on pure and
Mo(tfd-COCF3)3 doped PBDTTT-c, we can conclude that aggregates of approxi-
mately 20 nm in diameter are formed in the polymer matrix for doping concentra-
tions exceeding 2% MR. This threshold is consistent with the conductivity and hole
hopping transport activation energy measurements suggesting that their respective
decline and saturation could be related to the formation of aggregates. Transmis-
sion Electron Microscope (TEM) images and energy-dispersive X-ray (EDX) analysis
showed that Mo(tfd-COCF3)3 dopants are only situated in the aggregates and clus-
ters of aggregates. However further analyses are required to distinguish between pure
dopant or polymer-dopant aggregates.

2.4.2 Composition of the aggregates

In order to determine whether the aggregates observed in the Mo(tfd-COCF3); doped
PBDTTT-c above 2% MR are composed of dopant only or polymer-dopant blends, we
have chosen to carry out Nuclear Magnetic Resonance (NMR) spectroscopy analysis on
pure and doped PBDTTT-c. NMR is an interesting characterization technique to get
information on the physical and chemical properties of atoms or molecules in which they
are contained. The resonance frequency depends on the magnetic field around an atom in a
molecule and the evolution of the frequency value gives insight into the electronic structure
of a molecule as it is sensitive to changes in chemical bonds as well as modifications in
the chemical environment of the atoms probed. NMR spectroscopy relies on splitting of
nuclei spin states upon application of a magnetic field for atoms with a non zero spin
quantum number. Hydrogen and Carbon isotopes 'H and *C are the most commonly
studied isotopes in NMR analysis. In this study we will also consider the Fluor isotope
YEF. NMR principles are not detailed in this report as it is outside the scope of this thesis.
However, further details can be found in the literature [188, 189].

We have carried out liquid-state NMR measurements using a 400 MHz NMR spectrom-
eter from Bruker for a solution of pure Mo(tfd-COCF3)3 and Mo(tfd-COCF3)3 doped PB-
DTTT-c at a doping concentration of 5% MR. The components are dissolved in deuterated
o-xylene. Liquid-state NMR has been chosen to obtain NMR spectra of pure dopant using
small quantities. Indeed, experiments in solid-state NMR require a significant amount of
dopant powder.

In order to make sure that the polymer-dopant interaction is similar in solution and
solid thin film, we have carried out 3C spectra for pure and 5% MR doped PBDTTT-c
in liquid and in solid-state using Magic Angle Spinning (MAS) to increase the resolution
of the NMR spectrum. The ¥C spectra of pure and doped PBDTTT-c obtained in solid-
state MAS NMR using a BRUKER AVANCE DSX 500 MHz spectrometer are shown
in Figure 2.22. A detailed experimental protocol is given in Appendix D. The chemical
shifts of carbons have been simulated for a monomer of PBDTTT-c using the open source
software nmrdb.org developed at Ecole Polytechnique Fédérale de Lausanne (EPFL) and
reported in the table given as inset in Figure 2.22. With doping, the 3C spectrum is
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mainly modified between 110 and 160 ppm. In this region, the peaks corresponding to
the carbon atoms contained in the thiophene rings are attenuated. The disappearance
of peaks in NMR spectra are usually due to the actual broadening of the peak. Such
broadening can be due to the paramagnetic influence of Molybdenum leading to a faster
spin relaxation [190]. It is unlikely that PBDTTT-c thiophene rings are broken upon
dopant addition as it would lead to major changes on UV-visible absorption spectra.
UV-visible absorption spectroscopy results will be presented in Chapter 3 and exhibit no
evolution that would be due to such changes in the molecule.

The addition of Mo(tfd-COCF3)3 dopant in the PBDTTT-c matrix also leads to mod-
ifications in the peaks corresponding to the alkyl chains. The interaction of the dopant
with the alkyl chains might disturb the cross-polarization used for this measurement. As
cross-polarization involves dipolar interactions, modifications in the geometry of the side
chains induce changes in the NMR signal. Moreover, a thin peak appears around 18 ppm
but its origin has not been identified.

Solid-state MAS NMR highlights the interaction between the polymer and the dopant
suggesting that the interaction is localized on the thiophene rings of the polymer. As
the double CO bound around 200 ppm is not impacted by the addition of dopant, we
believe that the dopant molecule might be situated as illustrated with a red circle on the
molecular structure of PBDTTT-c given as inset in Figure 2.22.

Carbon Chemical shift (ppm)

C=0 194.3
C-0 152.2
o}
C-S 130.0-142.4
Thiophene C 114.9-134.5 0 37N
Thiophene C-H 117.4-129.8

s
71.2
. 0 s ¢ s° |,
CH 394&45.4
0
CH, 22.9-31.8

CH, 11.18& 143

Pure

Doped Ml W:\ N / \M
MW«WAWWWMAM VA S it ? D
| 230 - 1.r|>o o 1¢|)o - | 5‘0 - 0 [ppm]

Figure 2.22: 13C spectra of solid-state MAS NMR for pure (red) and Mo(tfd-COCF3)3 doped
PBDTTT-c (blue). The carbon chemical shifts simulated for a monomer of PBDTTT-c using
nmrdb.org are given in the table as inset. Colors are used to highlight the peaks corresponding
to the carbon atoms in the PBDTTT-c chemical structure given as inset.
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Figures 2.23 (a) and (b) exhibit the liquid-state NMR, '3C spectra for pure and 5% MR
doped PBDTTT-c respectively. As the deuterated solvent o-xylene contains carbon
atoms, we have measured the *C spectrum of the solvent shown in Figure 2.23 (c). By
comparing the spectra of both solvent and polymer, we can show that the thin peaks ob-
served at 18, 125, 129 and 135 ppm in the polymer spectrum are attributed to the solvent.
As observed in solid-state MAS NMR, the addition of Mo(tfd-COCF3)3 dopants leads to
the disappearance, or broadening, of the peaks corresponding to the carbon atoms in the
thiophene rings. Moreoever, we can notice a significant decrease of both CO and CH,O
peaks indicating that both types of side-chains are affected by the presence of dopant,
suggested by the red circle in the molecular structure. This difference between solid and
liquid-state NMR is probably due to the ability of both dopant and polymer to move in
liquid-state, while their position is fixed in solid-state.
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Figure 2.23: 3C spectra of liquid-state NMR for pure PBDTTT-c (a), Mo(tfd-COCF3)3 doped
PBDTTT-c (b) and deuterated o-xylene (c). Colors are used to highlight the peaks correspond-
ing to the carbon atoms in the PBDTTT-c chemical structure given as inset.

The comparison of solid and liquid state NMR for pure and doped PBDTTT-c shows
that the polymer-dopant interaction already takes place in solution. Therefore, we can
carry out NMR spectroscopy of pure dopant and polymer-dopant mixture in liquid-state to
determine whether all molecular dopants interact with the polymer. Figure 2.24 exhibits
the F spectra of the pure Mo(tfd-COCF3)3 dopant and of the doped polymer blend
at 5% MR. For the pure dopant, two peaks are observed around —55 and —73 ppm.
The integration of both peaks leads to a ratio close to 1:1. Therefore, the two peaks
are probably associated with the two types of carbon-fluor bonds (green and blue in the
chemical structure given as inset in Figure 2.24). The presence of the carbonyl group
close to the carbon-fluor bonds colored in green might lead to a different chemical shift
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of YF. When the dopant is mixed with the polymer, the two peaks combine to form one
broad peak centered around —62 ppm. To make sure that the broader peak obtained
after addition of the dopant in the polymer matrix is not due to a probe noise, we have
measured the 'F spectra of the pure Mo(tfd-COCF3); dopant and of the doped polymer
blend at 5% MR with the exact same experimental conditions. Figure 2.25 shows that
no peak is observed around —62 ppm for the polymer-dopant mixture when the same
experimental conditions are used. The remaining peaks are probably due to impurities
or ligands separated from the complex. Although the modifications in the molecular
structure of the dopant are not identified, this major modification in the F spectrum
is the signature of the dopant interaction with the polymer. If some molecular dopants
did not interact with the polymer host, we would expect small peaks around —55 and
—73 ppm, which are not observed in the doped polymer. Therefore, we can conclude
that all molecules of dopant added to the polymer have reacted. It is then unlikey that
aggregates of pure dopant are formed. As a result, we believe that the aggregates observed
in SEM and TEM images are composed of polymer-dopant mixture.

(a)
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Figure 2.24: Liquid-state '“F NMR spectra for pure Mo(tfd-COCF3)3 dopant (a) and 5% MR
doped PBDTTT-c with Mo(tfd-COCF3)s (b). The chemical structure of Mo(tfd-COCF3)s3 is

given as inset.
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Figure 2.25: F spectra of liquid-state NMR for pure Mo(tfd-COCF3)3 (a) and Mo(tfd-
COCF3)3 doped PBDTTT-c (b) carried out with the same experimental conditions.

Nuclear Magnetic Resistance (NMR) measurements on pure PBDTTT-¢, pure
Mo(tfd-COCF3)5 and Mo(tfd-COCF3)3 doped PBDTTT-c at 5% MR highlighted the
chemical interaction between the polymer and the dopant. The interaction between
both components is more likely to take place around a thiophene ring of the polymer
body. Moreover, *F NMR on pure dopant and polymer-dopant blend suggests that
all dopant molecule added to the polymer matrix react with the host. Therefore,
the aggregates observed above 2% MR are more likely composed of polymer-dopant
mixture than pure dopant.

2.4.3 Impact of doped polymer morphology on electrical performances

Conductivity, hopping transport activation energy and ionized dopant density measure-
ments on pure and doped PBDTTT-c at different doping concentrations highlighted the
p-doping ability of Mo(tfd-COCF3)3 on PBDTTT-c. Moreover, different behaviors are
observed between low and high doping concentration with a threshold around 1-2% MR.
At low doping concentration, a superlinear increase in hole conductivity o, and density p
and a decrease of the hole hopping transport activation energy F 4 are measured. In the
literature, such behavior has been associated with trap filling in the semiconductor [24,
125, 126].

Once all traps are filled, we expect the hole conductivity and density to increase
linearly with the doping concentration as one dopant would lead to one hole created in the
polymer matrix. The addition of new carriers in the HOMO should lead to a continuous
decrease of the hole hopping transport activation energy E4 as the Fermi level would shift
toward the HOMO level. However, we observe a slight decline of the conductivity and
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a sublinear increase of the hole density with the doping concentration accompanied by a
strong decrease of the hole doping efficiency above 1-2% MR. Moreover, the hole hopping
transport activation energy saturates above 2% MR indicating a saturation of the Fermi
level shift. An Dai [25] has measured the position of the Fermi level in Mo(tfd-COCF3)s;
doped PBDTTT-c using Ultraviolet Photoemission Spectroscopy (UPS). She showed that
doping PBDTTT-c at 1% MR leads to a strong shift of the Fermi level from 1.45 eV to
0.80 eV above the HOMO level. However, at 4% and 10% MR the Fermi level shift seems
reduced and measured at 0.60 and 0.40 eV above the HOMO level respectively.

This decline of the doping efficiency at high doping concentration can be attributed to
two phenomena: the formation of dopant aggregates or the creation of trap states in the
polymer bandgap. Through SEM and TEM images we have highlighted the formation of
aggregates of approximately 20 nm in diameter above 2% MR. However, the NMR study
carried out on pure and doped PBDTTT-c indicated that all molecular dopants added
to the polymer matrix seem to interact. If dopant aggregates are formed, a significant
fraction of dopant should remain in its pristine form. Therefore, we believe that the
aggregates observed above 2% MR are made of polymer-dopant mixture. Polymer-dopant
aggregates can lead to a decline in the transport properties as the layer is made of sparse
highly doped clusters with a high hole mobility in a pure polymer phase, which exhibits
a limited mobility. This configuration is illustrated in Figure 2.26.
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Figure 2.26: Schematic of the PBDTTT-c layer (in green) with aggregates of Mo(tfd-COCF3)3
doped PBDTTT-c (in gray). The morphology impact on hole transport is illustrated with
dashed and solid lines in pure (low mobility) and doped (high mobility) areas respectively.

Although the conductivity and hole hopping transport activation energy evolutions
can be explained by the formation of polymer-dopant aggregates altering the transport
properties of the layer, the sublinear increase in hole density associated with a signifi-
cant decrease in doping efficiency are not properly described by this hypothesis. As all
molecular dopants added to the polymer matrix seem to interact with the host, we expect
a continuous creation of holes in the HOMO. A decline in the generation of holes upon
dopant addition indicates a reduction in the p-doping ability of the dopant. This decline
can be attributed to the transition to the dopant reserve regime. Tietze et al. [91] explain
that 3 regimes can be observed in the organic semiconductor doping process: trap filling,
dopant saturation an dopant reserve. The dopant saturation regime corresponds to the
impurity saturation regime in inorganic semiconductor doping and is observed if the Fermi
level lies above the acceptor state (for p-doping) leading to a complete dopant activation.
In this regime illustrated in Figure 2.27 (a), a linear evolution of the conductivity and
hole density should be observed. When the Fermi level crosses the acceptor state, the
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dopant activation is incomplete causing a sublinear increase of both conductivity and hole
density. This regime called dopant reserve is associate with the impurity reserve regime
in inorganic semiconductor doping. As shown in Figure 2.27 (b), in the dopant reserve
regime we expect the Fermi level to saturate between the acceptor and transport levels.

(a) (b)
Dopant saturation Dopant reserve
LUMO LUMO
Er
E,-~ - o E,—-= o
T N —

HOMO HOMO

Figure 2.27: Schematic of the dopant saturation (a) and dopant reserve (b) regimes for p-doped
organic semiconductor.

The entry in the dopant reserve regime would explain a saturation (but not decline)
of the hole conductivity, the sublinear increase of the hole density accompanied by the
doping efficiency decrease and the saturation of the hopping transport activation energy
due to the saturation of the Fermi level shift. Considering that the dopant reserve regime
is achieved above 2% MR, the UPS measurements carried out by An Dai on Mo(tfd-
COCF3)3 doped PBDTTT-c indicate that the acceptor state would be several hundreds
of meV above the polymer HOMO. The origin of such deep acceptor level remains to be
understood and will be studied in Chapter 3.

The presence of polymer-dopant aggregates observed by SEM and TEM images have
probably an impact on the transport properties. Therefore they can explain the
hole conductivity and hopping transport activation energy evolution above 2% MR.
However, polymer-dopant aggregates fail to explain the sublinear increase in hole
density above 1% MR associated with a strong decrease of the doping efficiency. The
entry in the dopant reserve regime at high doping concentration might be the origin
of the different behaviors observed by electrical characterization. Further work will
be carried out in Chapter 3 to deepen our understanding about the doping process
involved and determine whether the entry in dopant reserve regime might effectively
be responsible for the limited doping efficiency at high doping concentration.

Doping is used to enhance the transport properties of the semiconductor but also to
improve or even create an ohmic contact between the semiconductor and metal electrode
layers. As a last step of electrical characterization on the p-doped layer, we need to make
sure that the addition of Mo(tfd-COCF3); effectively lowers the injection barrier between
the metal electrode and organic semiconductor layer. This property is required to use the
p-doped layer as interface layer in organic devices like photodetectors (Chapter 4).
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2.5 Effective barrier lowering at the organic/metal interface

In inorganic electronic devices, doping is widely used to improve the interface properties
between the semiconductor and the electrode. Such improvement is due to the forma-
tion of a good ohmic contact between the highly doped semiconductor and the metal or
semiconductor used as electrode. Doping leads to the shift of the Fermi level toward the
valence band for p-doping and conduction band for n-doping. The Fermi level alignment
induced when two materials are brought into contact generates a strong band bending
in the doped layer. This band bending enables the injection or extraction of charges by
tunneling as explained in Chapter 1.

In organic electronics, the carrier injection improvement has been demonstrated with
the use of doped interface layers [191, 104, 32], which are integrated in various organic de-
vices [26, 192]. An Dai followed the injection barrier evolution for different doped polymer
layers [25, 26]. In this section we will reproduce this work to verify that Mo(tfd-COCF3)3
doped PBDTTT-c effectively lowers the injection barrier transforming a Schottky con-
tact into a good ohmic contact. This experiment is the first step toward its integration
in complete electronic devices like photodetectors.

2.5.1 Experiment

This study has been carried out on 3 types of devices illustrated in Figure 2.28 and in
Appendix A as Structures 3A, 3B and 3C. All devices are based on an ITO-coated glass
with a PEDOT:PSS layer to provide good ohmic contact for holes. The ITO-coated
glass substrates are cleaned in ultra-sonic bath of soap water, acetone and isopropanol
for 15 minutes each. PEDOT:PSS is spin-coated on the UV-ozone treated substrates
and annealed at 160°C for 5 min. A thickness of 40 nm is measured by Atomic Force
Microscopy (AFM). The following layers depend on the structure studied. The suppliers
and references information of all materials are given in Appendix C.

(a) (b) (©
(i) (o)
o) p 4 4
-
PBDTTT-c PBDTTT-c / C60-PCBM
40 nm PEDOT:PSS PEDOT:PSS PEDOT:PSS
110 nm ITO ITO ITO
STRUCTURE 3A STRUCTURE 3B STRUCTURE 3C

Figure 2.28: Schematic of the structures fabricated to study the injection barrier evolution with
doping: Structure 3A (a), Structure 3B (b) and Structure 3C (c).

Structure 3A is a simple Schottky diode with the ohmic contact provided by PE-
DOT:PSS, the pure or doped layer of PBDTTT-c and the Schottky contact obtained
with Mercury. Devices with pure PBDTTT-c and 4 different doping concentrations rang-
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ing from 0.5% MR to 5% MR are fabricated by spin-coating and annealed at 150°C for
15 min in glovebox. The layer thicknesses are given in Table 2.3. The top electrode is
obtained directly from the mercury probe used for the I(V) measurements. This first
structure will be used to study the different injection regimes from ohmic and Schottky
contact in pure and doped layers with varying doping concentrations.

Table 2.3: Thickness of the pure and doped layers deposited in Structure 3A and measured by
AFM.

MR Thickness
0% (130 £10) nm
0.5%  (95+5) nm
1% (185 £ 10) nm
1.5% (220 £ 10) nm
5% (120 +£10) nm

In structure 3B, a thin doped layer of PBDTTT-c (35 £ 5 nm) with varying concen-
trations is laminated on a 160 £ 10 nm thick layer of pure polymer. This structure will
give insight in the injection barrier lowering induced by the doped interface layer. This
study is further developed by replacing the pure layer of polymer with a 90 + 5 nm thick
donor/acceptor blend in structure 3C. A blend of PBDTTT-c with Cg-PCBM will be
used in organic photodectors studied in Chapter 4. This characterization will make sure
that doped PBDTTT-c can act as hole transport layer in a photodetector or solar cell.
All layers are annealed at 150°C for 15 min in glovebox. The top layer is deposited by
Soft Contact Transfer Lamination (SCTL) technique outside the glovebox as explained
in Section 2.1.

Electrical characterization are carried out in an Ny flow box using a mercury probe
station. In this setup, the top electrode is provided by controlled growth mercury drop
at the end of a capillary tube and deposited on the device surface. The diameter of the
mercury drop at the layer surface is measured using a camera and kept at 0.96 mm for
all measurements. The mercury electrode and the bottom contact in I'TO are connected
to an Agilent 4155 sourcemeter. Mercury probes are convenient to obtain rapid I(V)
characterization on devices without the evaporation of a top electrode.

2.5.2 Injection regimes in polymer p-doped with varying concentrations

Structure 3A is used to study the injection regimes from ohmic and Schottky contact in
pure and doped PBDTTT-c with varying doping concentrations. Figure 2.29 (a) exhibits
the current density with respect to the electric field in the layer in a semi-logarithmic
plot. The injection from the mercury electrode (Schottky contact) is shown in dotted line
and the injection from the PEDOT:PSS electrode (ohmic contact) in solid line.

Three different injection regimes can be observed from the PEDOT:PSS electrode
depending on the electric field in the layer and the doping concentration: ohmic regime,
Trap Charge Limited Current (TCLC) regime and Space Charge Limited Current (SCLC)
regime. At low electric field, the intrinsic hole density pg for a p-type semiconductor
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Figure 2.29: Current density with respect to the electric field in the device structure for 0%,
0.5%, 1%, 1.5% and 5% MR (a). The hole injection from the Mercury electrode is shown in
dotted line and the hole injection from the PEDOT:PSS in solid line. Ohmic, TCLC and SCLC
fitting for the current density injected from the PEDOT:PSS electrode for the same devices (b).

exceeds the amount of holes injected from the electrode. This configuration describes the
ohmic regime where the current density Jynmi. e€volves linearly with the applied bias V
[193]:

Johmic = q,uhpOV/L (222)

where pi, is the majority carrier mobility (holes in a p-type semiconductor) and L the layer
thickness. At higher electric field, the amount of injected charges exceeds the intrinsic
hole density generating a space charge region in the layer. This non uniform electric field
results in the formation of a Space Charge Limited Current (SCLC) where the current
density Jscrc is given by the Mott and Gurney law [194]:

9 V2
Jscre = gC0crih Ty (2.23)
with €y the vacuum permittivity and e, the relative permittivity. Ohmic regimes followed
by SCLC regimes have been widely observed in the literature for pure and doped polymers
[195, 196, 194].

When the semiconductor exhibits trap states, a third regime is observed between
ohmic and SCLC regimes. This regime called Trap Charge Limited Current (TCLC) is
described by a power law evolution of the current density J o< V™, with m depending
on the amount of trap states [197]. By increasing the electric field in the layer, the trap
states are progressively filled by the injected charges leading to the increase of the carrier
mobility. This mobility evolution justifies a superlinear increase of the current density.
The different regimes are indicated in Figure 2.29 (b).

From the mercury electrode, the injection current is mainly limited by the injection
barrier for holes estimated at 650 meV. As a result, a difference of 2 orders of magnitude
is observed in the injected current density from both electrodes for an electric field of
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2 x 10° V/em. This discrepancy illustrates the difference in the hole injection ability
between PEDOT:PSS and mercury electrodes.

With the addition of a small amount of dopants in the polymer layer (0.5% MR), the
injection from the mercury electrode remains stable while the injection from PEDOT:PSS
is strongly improved with a current density increase of 2 orders of magnitude at 2 x
10° V/em. This strong current density increase in the SCLC regime is mainly due to the
improved mobility at low doping concentrations. We have shown in Section 2.2 that doping
concentrations below 2.5% MR leads to a superlinear increase of the hole conductivity
and a drop in the hole hopping transport activation energy. Both evolutions have been
attributed to the progressive filling of trap states with the addition of dopant resulting in
a strong mobility increase. According to relation 2.23, an increase in mobility leads to an
increase in current density in the SCLC regime.

By further increasing the doping concentration from 0.5% MR to 1.5% MR, we observe
a current density increase in the injection regime accompanied by a strong improvement
of the current density injected from the mercury electrode. At 1.5% MR, the injection
current from both electrodes overlap. Both observations can be explained by the formation
of free carriers upon addition of p-dopants. Doping at the interface leads to a reduction
of the injection barrier increasing the hole current density. Morevover, a decrease of the
TCLC power law m from 11.5 to 2.5 is highlighted, emphasizing the progressive filling of
trap states with holes.

When a doping concentration of 5% MR is reached, the current density follows the
ohmic law over the whole range of electric field measured indicating that a high density
of free carriers has been generated in the layer allowing a good ohmic contact from both
electrodes. Therefore, Figure 2.29 illustrates the p-doping ability of Mo(tfd-COCFj3)3 in
PBDTTT-c leading to an effective barrier lowering at the Schottky electrode, the filling
of traps at low doping concentration and the increase in hole carrier density.

2.5.3 Enhancement of the organic/metal interface

Now that we have highlighted the ability of Mo(tfd-COCF3); doped PBDTTT-c to de-
crease the effective injection barrier, we can try to use this polymer-dopant mixture as
hole transport layer in electronic devices in order to improve the injection of holes. One
target of this layer is the replacement of PEDOT:PSS in organic photodetectors or solar
cells which is known to be responsible for some stability issues in these devices [37, 38,
39]. Chapter 4 will be devoted to the replacement of PEDOT:PSS by Mo(tfd-COCF3)3
doped PBDTTT-c in organic photodetectors. However, as a first step we propose to
check the effective barrier lowering in simple devices. Structures 3B and 3C are used to
study the evolution of the hole injection barrier between the mercury electrode and pure
PBDTTT-c for structure 3B and a polymer-fullerene blend in structure 3C using a doped
interface layer.

Figure 2.30 (a) exhibits the J(V) characteristics for structure 3B with the injection
from mercury in dotted line and from PEDOT:PSS in solid line. As expected we observe
an improvement in the injection current from the Schottky contact with increasing doping
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2.5. Effective barrier lowering at the organic/metal interface

concentration in the interface layer. At 1.5% MR the current density injected from both
electrodes overlaps and at a doping concentration of 5% MR, the current injected from
the mercury electrode exceeds the current injected from the PEDOT:PSS electrode. We
can also notice that the current density injected from the ohmic PEDOT:PSS contact
remains relatively stable in the SCLC regime. This regime is indeed driven by the hole
density and mobility in the layer. However, in structures 3B and 3C, the doped layer is
thin compared to the pure polymer and blend layers. As a result, the hole density and
mobility are mainly determined by the thicker unchanged layer.
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Figure 2.30: Current density with respect to the applied bias for structure 3B with pure PB-
DTTT-c (a) and structure 3C with the blend of polymer:fullerene (b).

The J(V) characteristics for stucture 3C are shown in Figure 2.30 (b). The same
evolution of the injection barrier is observed with the overlap of the injected current at
1.5% MR. Therefore, we can obtain an efficient ohmic contact between a polymer-fullerene
blend and a mercury electrode with a work-funtcion of 4.5 eV by using Mo(tfd-COCF3)3
doped PBDTTT-c as interface layer. This result is promising for the replacement of the
hole transport layer PEDOT:PSS in photodectors.
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Chapter 2. Electrical characterization of molecular p-doping

The integration of the p-doped layer with varying doping concentrations in 3 simple
structures have highlighted the different impacts of Mo(tfd-COCF3); p-doping in
PBDTTT-c. Electrical characterization of the doped layer between one ohmic contact
and one Schottky contact further confirmed the hypothesis of trap filling at low
doping concentration leading to a strong increase of the hole mobility. Moreover,
this experiment illustrated the ability of this p-doped layer to reduce the effective
injection barrier for holes at the Schottky contact. Above 1.5% MR, the energy
barrier of 650 meV is overcome leading to the overlap of the injected current from
both ohmic and Schottky contacts.

By using Mo(tfd-COCF3)3 doped PBDTTT-c as interface layer between the mercury
electrode and the undoped polymer or blend layer we have illustrated the possibility to
use this polymer-dopant mixture as hole transport layer in organic electronic devices.
This major property will be further developed in Chapter 4.

2.6 Summary and outlook

As a first step in our study we needed to verify the p-doping ability of Mo(tfd-COCF3)3
in the polymer PBDTTT-c and follow the evolution of the electrical characteristics with
the doping concentration.

We demonstrated that the addition of Mo(tfd-COCF3)3 in the polymer matrix leads to
the increase in hole conductivity and hole density, the decrease in hole hopping transport
activation energy and the effective barrier lowering for holes. All these evolutions are
characteristic of p-doping. Moreover, the improvement in hole conductivity between pure
and 2.5% MR doped polymer is among the best results reported in the literature.

Two regimes have been identified with the doping concentration. Up to 2.5% MR,
doping leads to the filling of trap states in the semiconductor resulting in a superlinear
conductivity and hole density increase, a drop of the hopping transport activation energy,
a doping efficiency increase and a decrease in the TCLC slope. Trap filling has been
observed in various polymer-dopant mixtures and can be used to reduce the impact of
trap states on the transport properties of the device.

Above 2.5% MR, a saturation or decline of doping can be observed. Indeed, a decrease
in hole conductivity and doping efficiency, a saturation of the hopping transport activa-
tion energy and a sublinear increase in hole density indicate that the doping impact of
additional Mo(tfd-COCF3); molecules in the polymer is reduced. We have highlighted
the formation of polymer-dopant aggregates above 2.5% MR, which could be responsible
for the degradation of the transport properties leading to the conductivity decrease and
the saturation of the hopping transport activation energy. However, polymer-dopant ag-
gregates fail to explain the sublinear increase in hole density and the doping efficiency
drop above 1% MR. NMR characterizations indeed indicate that all molecular dopants
added to the matrix react with the polymer. Therefore, the doping efficiency might be
limited by another parameter. The entry in dopant reserve regime could explain both
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2.6. Summary and outlook

observations but involves the saturation of the Fermi level below the dopant acceptor
state.

Chapter 3 will focus on the doping mechanisms involved in our polymer-dopant mixture
in order to deepen our understanding of the doping limitations at high doping concen-
tration. This study will help determine whether the entry in dopant reserve regime is a
consistent hypothesis and suggest ideas to improve the doping efficiency. In Chapter 4 we
will take advantage of the effective barrier lowering induced by p-doping at the interface
to replace PEDOT:PSS in organic photodetectors.
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Chapter 3. Analysis of the doping mechanism involved in Mo(tfd-COCF3)3 doped
PBDTTT-c

with the complex Mo(tfd-COCF3)3. We highlighted the limited doping efficiency

at high doping concentration through conductivity, hopping transport activation
energy and hole density measurements. Although the observed formation of polymer-
dopant aggregates for doping concentrations above 2% MR can be responsible for the
saturation of conductivity and activation energy by altering the transport properties in
the layer, it fails to explain the limited charge generation efficiency. Moreover, it has
been demonstrated in the literature that the Fermi level shift saturates at high doping
concentration lying a few hundreds of meV above the HOMO for p-type doping [29, 91,
198].

I n the previous chapter we provided evidence of the effective PBDTTT-c p-doping

Improving the molecular doping efficiency is a major requirement to achieve better
performances in organic electronic devices. The need for high doping concentrations
results in the degradation of transport properties [172, 59]. As a consequence, we need
to deepen our understanding of the mechanisms involved in doping processes between
polymers and molecular dopants. By identifying the origin of the poor efficiency in organic
semiconductor doping, we should be able to provide clues for dopant design improvement
and push the boundaries of this new technology.

In the literature, two doping mechanisms are discussed for different polymer-dopant
mixtures. Historically, doping is described with the ground-state Integer Charge Transfer
(ICT) model [73, 24, 32]. This mechanism relies on direct and complete transfer of
the electron from the polymer HOMO to the dopant LUMO for p-doping as shown in
Figure 3.1 (a). An alternative model has been proposed by Salzmann et al. involving the
formation of an hybrid Charge Transfer Complex (CTC) between the polymer HOMO
and dopant LUMO for p-doping [90]. This mechanism is illustrated in Figure 3.1 (b).
To effectively p-dope the polymer, the electron needs to be transferred from the polymer
HOMO level to the anti-bonding state of the CTC [59]. A partial charge transfer is then
attributed to this process which could explain the low doping efficiencies.

Although a few studies have been conducted to determine what model is involved in
different polymer-dopant blends, the underlying origins and consequences remain to be
understood [30]. Moreover, there is a lack of a global picture of the doping processes in
organic materials (printed or evaporated).

In this chapter we try to understand which model corresponds to our doped polymer.
Complementary optical and electrical characterization techniques are used to strengthen
our hypothesis and deepen our understanding of the mechanism involved. As a last step,
a model is proposed to explain the Mo(tfd-COCF3)3 p-doping process of PBDTTT-c and
its consequences on the electrical performances presented in Chapter 2.
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3.1. Sub-bandgap absorption with p-doping

(a)
INTEGER CHARGE CHARGE TRANSFER

TRANSFER (ICT) COMPLEX (CTC)
POLYMER POLYMER

Figure 3.1: Schematic of the Integer Charge Transfer (ICT) (a) and Complex Charge Transfer
(CTC) (b) models used to describe the doping process in organic semiconductors, here in the
case of p-type doping.

3.1 Sub-bandgap absorption with p-doping

It has been demonstrated that both ICT and CTC result in the polymer absorption
spectrum modification in the sub-bandgap region [74]. The formation of F,TCNQ anions
through charge transfer from P3HT leads to the creation of peaks in the near infra-red
originating from the singly negatively charged dopant [79]. Moreover, the cation formed
on the polymer leads to polarons also creating absorption peaks in the sub-bandgap
region. When a hybrid CTC is formed between the polymer and the dopant, a transition
is expected from the bonding to the anti-bonding level of the complex. As the CTC gap
is usually lower than the polymer bandgap, an absorption peak can be observed in the
sub-bandgap region [29].

UV-visible absorption spectroscopy is then carried out on Mo(tfd-COCF3); doped
PBDTTT-c with varying doping concentrations to observe the impact of the polymer-
dopant interaction in the sub-bandgap absorption. This analysis will provide information
on the model involved in our polymer-dopant blend.

3.1.1 Experiment

Pure and p-doped PBDTTT-c with Mo(tfd-COCF3)3 are deposited on glass substrates to
carry out UV-visible absorption spectroscopy from 300 to 2000 nm. Eight different molar
concentrations are processed from 0.5% to 6% to cover the different regimes observed
through electrical characterization in Chapter 2. The concentrations of PBDTTT-c and
Mo(tfd-COCF3); in o-xylene have been carefully chosen to obtain similar thicknesses.
The solutions are spin-coated on borosilicate glass substrates and annealed at 115°C for
10 minutes under nitrogen. The thicknesses are measured with a contact profilometer and
summarized in Table 3.1. The average thickness for all layers is estimated at 390 nm+10%.

Borosilicate has been selected as glass substrate for its high transparency in the wave-
length range of interest in this study (from 700 to 2000 nm). The absorption spectrum
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Chapter 3. Analysis of the doping mechanism involved in Mo(tfd-COCF3)3 doped
PBDTTT-c

Table 3.1: Thicknesses of polymer layers used for UV-visible absorption spectroscopy.

MR (%) Thickness (nm) Inhomogeneity (nm)

0 405 20
0.5 395 10
0.7 355 10

1 380 10

2 420 20

3 385 10

4 350 10

5 415 10

6 430 10

of the 0.7 mm thick borosolicate substrate used in this study is shown in Figure 3.2. The
absorption is close to 0% from 400 to 2000 nm ensuring a good analysis of the doped
polymer in the sub-bandgap region.

504 -

40 s

304 F

204 o

Absorption (%)

-10

0 500 1000 1500 2000
Wavelength (nm)

Figure 3.2: Absorption spectrum of 0.7 mm thick borosilicate substrate.

The absorption spectra are obtained from reflection and transmission measurements
using a LAMBDA 950 UV/Vis/NIR Spectrophotometer from Perkin Elmer with an inte-
grating sphere. The sample is located outside the sphere enabling the measurements of
the diffuse components of the transmission and reflection spectra.

3.1.2 Formation of sub-bandgap absorption peaks with doping concentration

The transmission and reflection spectra are measured for each doping concentration from
300 to 2000 nm with a step of 5 nm. This wavelength range is equivalent to an energy vary-
ing from 4.1 to 0.62 eV. The absorption A is calculated with respect to the transmission
T and reflection R using the following relation:

A=1-T-R [ (3.1)
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3.1. Sub-bandgap absorption with p-doping

The absorption spectra for doping concentrations ranging from 0 to 6% MR are presented
in Figure 3.3 (a). As absorption is thickness dependent special care has been taken to
achieve layers with relatively close thicknesses. However, a variation of 10% was measured
around the average thickness. In order to eliminate the thickness dependency and enable
a direct comparison of the spectra, we chose to calculate the absorption coefficient for
each layer. The absorption coefficient « is a property of the material describing its ability
to attenuate an incident light intensity. Its value is wavelength dependent and is related,
at a given wavelength, to the incident Iy and output I light intensities by Beer-Lambert
law:

[ = Ile ™ (3.2)

with d the layer thickness. In the case of a polymer thin film deposited on a glass
substrate, Beer-Lambert law does not lead directly to the absorption coefficient knowing
the absorption, as we need to take into account the interferences between layers. In
order to properly determine the absorption coefficient we have simulated the extinction
coefficient k for each concentration using the OptiChar module of OptiLayer Thin Film
Software. The absorption coefficient « is related to the extinction coefficient k as follows:

_ dnk
DY

with A the wavelength of the incident photons.

o (3.3)

Figure 3.3 (b) exhibits the absorption coefficient spectra for each doping concentration.
This extraction confirms the formation of absorption peaks in the bandgap of the polymer
around 1100 nm with doping and their intensity increase with the doping concentration.
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Figure 3.3: Absorption (a) and absorption coefficient (b) spectra for the pure polymer and 8
doping concentrations varying from 0.5 to 6%.

Although the formation of a peak with a Gaussian distribution is clearly visible around
1.1 eV, the absorption increases in the whole near infra-red range and could be related to
diffusion issues. As the equipment set-up includes an integrating sphere, if total transmis-
sion and reflection measurements are properly carried out, diffusion is taken into account
in the absorption calculation. However, to make sure that diffusion is not involved in the
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Chapter 3. Analysis of the doping mechanism involved in Mo(tfd-COCF3)3 doped
PBDTTT-c

sub-bandgap absorption increase with doping concentration due to potential modifica-
tions in the doped layer morphology, we decided to study the evolution of diffusion with
doping concentration.

The total transmission Ti. is divided into specular (Tspecuiar) and diffuse (T fuse)
components:

71toi&al - Tdiffuse + Tspecular- (34)

The diffuse component of transmission is compared to the total transmission of the layers
in Figure 3.4 (a). The PBDTTT-c layer exhibits a very low diffuse transmission (lower
than 1%) and the diffusivity of the polymer is not influenced by the doping concentration.

To quantifiy the diffusivity of the material, the Haze factor H can be calculated:

i = Tatsee 00 ) (3.5)
total
The Haze factors determined for each wavelength are shown in Figure 3.4. In the near
infra-red region the Haze factor is very low (around 0.5%) and similar for all doping
concentrations. Therefore, we cannot explain the absorption increase in the sub-bandgap
region by diffusion.
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Figure 3.4: Total and diffuse transmission spectra (a) and Haze factor (b) for the pure polymer
and 8 doping concentrations varying from 0.5 to 6%.

As both ICT and CTC models result in the formation of sub-bandgap absorption
peaks, we need to study both possibilities. If ICT is involved in the Mo(tfd-COCF3)3
interaction with PBDTTT-c, the absorption increase would be due to the dopant in
its ionized form or to polarons in the polymer. Mohapatra et al. have measured the
absorption spectra of Mo(tfd-COCF3); in neutral, monoanionic and dianionic oxidation
states [199]. Figure 3.5 exhibits the absorption spectra of the Mo(tfd-COCF3); doped
PBDTTT-c layers studied during this thesis (a) and of the different dopant oxidation
states extracted from literature (b). The monoanionic form of Mo(tfd-COCF3); presents
a broad and low absorption peak in the near infra-red region but neither the mononanionic
nor the dianionic oxidation states of the dopant correspond to the absorption peaks created
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3.1. Sub-bandgap absorption with p-doping

in the doped polymer. However, there is still a chance that the peaks observed are due to
polarons in the polymer. Further analyses are required to distinguish between ICT and

CTC.

In the following section we will consider that the absorption peaks result from the
formation of an hybrid CTC between the polymer HOMO and the dopant LUMO. Further
experiments will be carried out to test this hypothesis and discuss the possibility of CTC
compared to polarons to explain the formation of sub-bandgap absorption peaks.
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Figure 3.5: Absorption coefficient spectra for the pure polymer and 8 doping concentrations
varying from 0.5 to 6% (a). Electronic absorption spectra in CHyCly for Mo(tfd-COCF3)3 in
neutral (broken line), monoanionic (solid line), and dianionic (dotted line) oxidation states (b).
Reprinted with permission from [199]; Copyright (2016) by Elsevier.

3.1.3 Sub-bandgap peaks related to Charge Transfer Complex (CTC) forma-
tion

Figure 3.6 shows the evolution of the absorption peaks with the doping concentration
in the near infrared region. In this graph the x-axis is given in energy to facilitate the
extraction of the energy levels. Different steps can be observed in the evolution of the
sub-bandgap absorption. From 0 to 1% MR, a slight and broad increase is observed. The
absorption peaks start to be stronger above 2% MR with a broad Gaussian distribution
centered around 860 meV and a thinner Gaussian distribution centered around 1.1 eV.
From 2 to 4% MR, the peak around 860 meV increases more strongly than the second
one, but above 4% the peak centered at 1.1 €V prevails. This threshold of 2% MR has
already been observed in the electrical characterizations carried out in Chapter 2. Hole
conductivity and hopping transport activation energy measurements suggest that this
concentration marks the transition from the trap filling regime to a saturation regime
explained by the formation of new traps or changes in the morphology.

To follow the evolution of the absorption peaks in the sub-bandgap region we fit the
spectra with Gaussian functions. We chose not to subtract the baseline as it will change
the amplitude value which carries important information for our analysis. Although
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Chapter 3. Analysis of the doping mechanism involved in Mo(tfd-COCF3)3 doped
PBDTTT-c
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Figure 3.6: Absorption coefficient spectra with respect to the photon energy for the pure polymer
and 8 doping concentrations varying from 0.5 to 6%.

it would be more accurate to fit the absorption coefficient spectra obtained from the
extinction coefficient simulation, the wavelength resolution is too poor to obtain a good
fit. Therefore, we chose to analyze directly the absorption spectra, considering a thickness
variation of 10% around the average thickness. The Gaussian function used to fit the two

peaks is described as follows:

A —4In(2)(x — x.)?

y =y + —exp < ( )(2 ) ) (3.6)
WA/ 2in(2) w

where . represents the center of the Gaussian distribution and w the FWHM of the peak.
The amplitude of the peak is given by the following equation:

Amplitude = yy + (3.7)

™

4ln(2)
Figure 3.7 (a) shows the fitting with Gaussian distributions for the sample at 0.7% MR.
An artifact due to the equipment also visible in the baseline in Figure 3.7 (b) is observed
around 0.88 eV for low doping concentrations. To take this peak into account in the
cumulative fit determination, we use a third Gaussian function.

The fitting with Gaussian functions for all samples are given in Figure 3.8 (a) to (h).
The peak centered around 860 meV is called peak 1, the artifact peak 2 and the peak
centered around 1.1 eV peak 3. The cumulative fit is also given showing good fitting of
the absorpion spectra in the sub-bandgap regime.

The amplitude, z. and the FWHM are extracted from the fits and summarized in
Table 3.2. From these data we determine the positions of peaks 1 and 3 at 860 30 meV
and 1.09 £ 0.05 meV respectively.

We make the hypothesis that the peaks observed at 860 meV and 1.1 eV originate
from the formation of a hybrid charge transfer complex between the polymer HOMO
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1 1 1

@) * MR=0.7%
——Fit Peak 1
31 . FitPeak2 [ 100 L
—— Fit Peak 3
g /‘/x Cumulative fit < 804 L
45 24 ; = o Artifact due to
g ‘f § 60 the equipment r
2 / Artifact due to 3
< g the equipment § 404 L
o
14 = =1
204 L
T T T O T T T T T
0.8 1.0 12 06 08 1.0 16 3.1
Energy (eV) Energy (eV)

Figure 3.7: Absorption spectrum for MR=0.7% and Gaussian fitting for peaks 1, 2 and 3 (a).
100% baseline spectrum with respect to the photon energy (b).

Table 3.2: Amplitude, position and FWHM extracted from the Gaussian fits for peaks 1 and 3.

Peak 1 Peak 3
MR  Amplitude Te FWHM  Amplitude Te FWHM
(%) (%) (meV)  (meV) (%) (meV) (meV)

0.5 186+£001 832+4 329+8 0.94£0.01 1052 £4 180 £ 10
0.7 257£005 866+4 390+£10 0.86=+0.06 1063 £ 4 150 £ 20
1 1.24£0.02 883+2 372+5 1.98+£0.03 1094 £ 2 171 +£5
2 13.0+0.2 81+1 388+6 6.7+£0.2 1111 £3 236 +4
3 707£008 89+1 338+4 11.72+£0.08 1104 £1 192 £2
4 9.63£0.07 83+2 277+4 17.81£0.08 1099 + 1 202+ 2
) 208+01 83+2 23010 359=£0.1 1119605 181=%1
6 21.17+0.09 871+3 170+£10 40.2+£0.2 11222+04 191+1

and dopant LUMO. The transition between the bonding and anti-bonding levels of the
complex leads to the formation of absorption peaks, which positions are determined by
the gap of the complex Egc;gc' We believe that the narrower peak observed at 1.1 eV
corresponds to the gap of the complex. Méndez et al. explain that the magnitude of
the energy-level splitting in the complex is described by a Hiickel-like model [92]. The
gap of the complex depends on the polymer ionization potential I Pp and dopant electron
affinity £'Ap but also on the intermolecular electronic coupling described by the resonance

integral § [29]:

ECTC = 2\/(IPp — EAp)? +482  [eV]. (3.8)

gap
The PBDTTT-c ionization potential has been measured by UPS around 5.15 eV [200]
and the Mo(tfd-COCFj3)3 electron affinity has been estimated at 5.3 eV, but further
experiments are required to confirm this value. Taking into account a Eggc gap value of
1.1 eV we obtain an intermolecular resonance integral of 0.26 eV. In the case of F,/TCNQ
doped 4T, § has been evaluated at 0.42 eV [29]. The intermolecular coupling between
Mo(tfd-COCF3); and PBDTTT-c is then weaker than between F,TCNQ and 4T and
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Figure 3.8:
(g) and 6% (h) with Gaussian fitting for peaks 1, 2 and 3.

80

© 2017 Tous droits réservés.

Absorption spectra for MR=0.5% (a), 0.7% (b), 1% (c), 2% (d), 3% (e), 4%

(f), 5%

lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

3.1. Sub-bandgap absorption with p-doping

should lead to a better doping efficiency as the anti-bonding state is closer to the polymer
HOMO enabling improved partial charge transfer.

In a Hiickel-like model, the values of the complex bonding Eﬁlp and anti-bonding E;;}W
levels are given by the following relation [74]:

EB A P D
gaéz 2

V(IPp — EAp)? + 482, (3.9)

With an intermolecular resonance integral of 0.26 eV we obtain bonding and anti-bonding
levels situated 5.78 eV and 4.68 eV below the vacuum level respectively. The energy levels
extracted from the absorption peak centered at 1.1 €V are summarized in Figure 3.9.
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‘,_‘E;,‘ap =-4.68eV

o— 5.3 eV

“ EB,, =-5.78eV

Figure 3.9: Schematic of the hypothetical CTC formed between the PBDTTT-¢c HOMO and
the Mo(tfd-COCF3)3 LUMO with the energy levels obtained from the Hiickel-like model.

Considering a Hiickel-like model to extract the energy levels of the hybrid CTC, an
anti-bonding level is identified 470 meV above the polymer HOMO. As a result, the
energy required for the electron to reach the acceptor level and p-dope the polymer is high
compared to the thermal energy available at ambient temperature (26 meV). Although
this high energy requirement is used to justify the partial charge transfer expected with
CTC, it seems insufficient to explain the density of ionized dopants measured in Chapter
2 and reaching 10'® ¢m™3. This discrepancy will be further developed in this chapter.

We still need to understand the origin of the peak at 860 meV in the sub-bandgap
regime. This peak is not observed in the pure polymer (Figure 3.6). As a consequence,
it must be related to the dopant or the formation of the hybrid CTC. At this stage we
make the hypothesis that this peak originates from the transition between the bonding
level of the complex and a trap level intrinsic to the polymer and situated in the bandgap
as illustrated in Figure 3.11. This assumption is strengthened by UV-visible absorption
spectroscopy measurements carried out on a previous batch of PBDTTT-c. The absorp-
tion spectra of the 2% MR with this previous batch of polymer is shown in Figure 3.10.
The peak around 1.1 eV attributed to the CTC is measured but the transition around
860 meV is not observed. As the only difference between this measurement and the pre-
vious results lies in the batch of polymer used, we suggest that this peak originates from
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PBDTTT-c

an impurity in the polymer leading to a trap state that would be situated 230 meV above
the polymer HOMO. Further experiments will be carried out to check this hypothesis.

1 1 1 1 1 1
MR=2%

Previous batch

6x10° Current batch L

Ax10° 860 meV 1-1leV
4 | L

2x10°1 \_/\/ "
~__ Artifact due to

0+ the equipment
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Energy (eV)

Figure 3.10: Absorption coefficient spectra for two batches of PBDTTT-c¢ doped at 2% MR.

Figure 3.11 summarizes the hypothesis of CTC formation determined from the UV-
visible absorption spectroscopy measurements. An energy level lying 230 meV above the
polymer HOMO is suggested to explain the peak appearing around 860 meV. Considering
a Hiickel-like model, the anti-bonding level of the CTC lies 470 meV above the polymer

HOMO.
POLYMER
-3.35eV
DOPANT
230 meV } . 468 eV

-5.15eV :
o— 5.3 eV

------- b .58 eV

860 meV

Figure 3.11: Schematic of the hypothetical CTC formed between the PBDTTT-¢c HOMO and
the Mo(tfd-COCF3)3 LUMO with the energy levels obtained from the Hiickel-like model and
the intrinsic trap level suggested in PBDTTT-c.

The evolution of the peaks amplitude is studied using the fitting parameters given in
Table 3.2. The amplitude with respect to the doping concentration is given in Figure 3.12
(a) and (b). Although both peaks increase with doping, their evolution follows a different
tendency. By using a semi-logarithmic scale we can see that the peak around 1.1 eV
increases with a power law close to 2 in the full range of MR measured. The amplitude of
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the peak centered at 860 meV shows two steps in its evolution with an evolution similar
to the previous peak for MR<2% and a square root dependency at higher concentrations.

45 1 1 1
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—e—Peak 3 (1.1eV) /

(b) —a— peak 1 (860 meV)
—e— Peak 3 (1.1eV)

g 104
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Figure 3.12: Amplitude evolution with doping concentration for peaks 1 and 3 in linear (a) and
semi-logarithmic (b) scale.

The amplitude evolution of the peak around 860 meV reminds the conductivity evo-
lution with doping presented in Chapter 2 (Figure 2.7 (a)). The conductivity exhibits a
super-linear increase up to 2% MR followed by a decline. As the amplitude saturates at
similar concentrations, it is possible that both parameters are linked. If the peak around
860 meV is effectively due to a trap level intrinsic to the polymer, we expect that p-
doping fills these states with holes at low concentration. This behavior can explain the
super-linear increase of the conductivity. The filling of donor traps induces the transfer
of electrons from the donor level to the acceptor level of the dopant as shown in Figure
3.13 (black arrow). As a consequence, the donor level is free of electrons and a transition
from the bonding level of the complex to the trap level of the polymer is enabled (red
arrow in Figure 3.13). When all traps are filled with holes, the addition of dopants does
not increase the absorption further. This hypothesis could explain the amplitude satura-
tion of the peak around 860 meV at high concentration. Moreover, the estimated doping
concentration of 2% MR required to reach a total trap filling in the polymer is similar
according to conductivity and absorption spectroscopy measurements.
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PBDTTT-c
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Figure 3.13: Schematic of the PBDTTT-c HOMO, LUMO and Fermi levels with the donor
traps suggested 230 meV above the HOMO (a). With doping and for MR<2%, the formation
of CTC leads to trap filling with holes (black arrow) enabling the optical transition from the
bonding state of the CTC to the trap level (red arrow) (b). For MR>2%, all traps are filled with
holes and the addition of dopants only increases the optical transitions between the bonding and
anti-bonding levels of the CTC (green arrow) (c).

UV-visible absorption spectroscopy has been carried out on pure PBDTTT-c¢c and
Mo(tfd-COCF3)3 doped PBDTTT-c with 8 different doping concentrations. This
study highlighted the formation of two sub-bandgap absorption peaks. Diffusion and
ionized dopant have been ruled out as potential origin for these peaks. Polarons in the
polymer and the formation of a Charge Transfer Complex between the polymer and
the dopant remain to be considered. The hypothesis of a CTC formation between the
polymer HOMO and dopant LUMO has been formulated. Considering a Hiickel-like
model the energy levels of the potential complex have been calculated. However, an
estimated value has been taken into account for the dopant electron affinity. Further
experiments are required to properly determine the position of the dopant LUMO and
validate the assumptions formulated in this chapter. The anti-bonding level would
lie 470 meV above the polymer HOMO. An hypothesis has been proposed to explain
the second peak involving a trap state intrinsic to the polymer and lying 230 meV
above the HOMO. Measurements on a different batch of polymer and the amplitude
evolution of the peak strengthen this hypothesis.

3.2 Doping induced fluorescence quenching

In this study we will use static and Time Resolved Photoluminescence (TRPL) measure-
ments to follow the evolution of PBDTTT-c fluorescence with doping concentration to
determine what doping mechanisms (ICT or CTC) might be involved in Mo(tfd-COCF3)3
doped PBDTTT-c. If we consider that hole polarons are formed upon dopant addition
in the polymer matrix through ICT mechanism, we would expect to observe fluorescence
quenching with increasing doping concentration. The absorption of a photon by the poly-
mer leads to the creation of an exciton, which can diffuse over a path of approximately
10 nm [60, 63]. As it was mentioned in Chapter 1, a polaron created by the ionization of
the polymer shifts the corresponding HOMO and LUMO in the bandgap. If the exciton
reaches a hole polaron, a non-radiative path will be allowed and will compete with the
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radiative recombination normally observed in the pure polymer. This quenching mecha-
nism is illustrated in Figure 3.14 (a). Yu et al. [201] have observed fluorescence quenching
in MEH-PPV due to polarons created by charge injection in the layer.

The formation of a charge transfer complex between the polymer HOMO and dopant
LUMO can induce fluorescence quenching as well. We have showed in Chapter 2 that the
doping efficiency decreases with increasing doping concentration. As a consequence, we
expect a significant amount of anti-bonding states to be empty. The availability of an
energy level in the bandgap can lead to fluorescence quenching as described previously.
Moreover, the presence of non-radiative complexes contributes to the photoluminescence
decrease as some photons are directly absorbed by the complex. Both mechanisms lead-
ing to fluorescence quenching in case of CTC are illustrated in Figure 3.14 (b). Tyagi et
al. [202] have shown that the photoluminescence of Alqs is quenched when the dopant
F,TCNQ is added. This observation confirmed their hypothesis of CTC formation for-
mulated according to UV-visible absorption spectroscopy measurements.

(a)
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* N R hv
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Figure 3.14: Schematic showing the fluorescence quenching due to hole polarons in the polymer
matrix (a) and due to the formation of CTC between the polymer and the dopant (b).
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Chapter 3. Analysis of the doping mechanism involved in Mo(tfd-COCF3)3 doped
PBDTTT-c

3.2.1 Experiment

The same samples have been used for UV-visible absorption and photoluminescence spec-
troscopy. Photoluminescence measurements have been carried out with a modular Flu-
orolog FL 3-22 sprectrofluorimeter from Horiba-Jobin Yvon-Spex with a near infra-red
photomultiplier from Hamamatsu (T5509-73). The schematic of the experimental setup
is given in Figure 3.15 showing the light source, the excitation and emission monochro-
mators, the slits, the filter, the IR detector and the position of the sample.

COMPUTER

\ v
\
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> . — EXCITATION ‘ \‘5’
NN B 2 MONOCHROMATOR ' @Q
=

SLITS X

Figure 3.15: Schematic of the experimental setup used for photoluminescence spectroscopy.

The size of the slits and the orientation of the sample have been optimized with the
MR=0% sample and kept constant for all measurements. The emission and excitation
spectra of PBDTTT-c are shown in Figure 3.16. For excitation wavelengths varying from
367 to 550 nm, the normalized emission spectra are similar with a peak around 810 nm
and a shoulder around 890 nm. We chose 810 nm as emission wavelength to perform
the excitation spectrum of PBDTTT-c. This measurement shows that a maximum PL
intensity will be reached for excitation wavelengths between 350 and 400 nm. Using these
preliminary results, the measurement conditions for the emission spectra are set for all
samples and presented in Table 3.3.

For excitation and emission spectra measurements a filter needs to be added to the
setup between the sample and the emission slits. The filter wavelength is chosen to block
the excitation wavelength and its harmonics and allow the emission wavelength range
of interest for the measurement. For the emission spectra, an excitation wavelength of
350 nm is chosen and the emission range starts at 415 nm and ends at 1500 nm. A
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Figure 3.16: PL spectra of PBDTTT-c for different excitation wavelengths (a) and excitation
spectrum for A, = 810 nm (b).

high-pass filter cutting below 400 nm can be used to block the excitation wavelength and
its harmonics without blocking the emission wavelengths measured. For the excitation
spectra, the emission wavelength of interest is 810 nm. As the excitation wavelength
varies from 275 to 780 nm we need to take into account the wavelength leading to a
second harmonic at 810 nm. We chose therefore a high-pass filter cutting below 550 nm,
blocking the excitation wavelengths around 405 nm.

Table 3.3: Measurements conditions for emission and excitation spectra on pure and doped

PBDTTT-c.
Spectrum Az (nm)  Agp, (nm)  Filter (nm)  Slits (mm) Sample
Emission 350 415-1500 400 5.0/1.5  Front Face 60°
Excitation  275-780 810 550 5.0/3.0 Front Face 60°

Time Resolved Photoluminescence (TRPL) measurements have been carried out to
follow the evolution of the polymer excited state lifetime with increasing doping con-
centration. As the lifetime of pure PBDTTT-c is short (below 1 ns), we had to use a
titanium-sapphire laser in pulse mode. The laser emits pulses at a wavelength of 810 nm
with a duration of 200 fs. The laser has been set to emit a pulse every microseconds
(frequency of 1 MHz). According to the excitation spectrum of pure PBDTTT-c¢ shown
in Figure 3.16 (b), TRPL measurements need to be carried out with an excitation wave-
length between 350 and 500 nm. Therefore, we use a nonlinear crystal to obtain the
second harmonic at 405 nm.

The laser beam with a diameter around 1 pm is directed toward the sample and the
average power is measured just before the sample. We have noticed that a high power
density degrades our samples as the fluorescence signal decreases over time. Therefore, we
have optimized the laser average power to obtain sufficient and stable fluorescence signal.
The laser average power was set at 65 nW for all samples.

A monochromator is used to select the emission wavelength of interest for the TRPL
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study. To optimize the signal-to-noise ratio we have chosen to measure the TRPL signal
for an emission wavelength corresponding to the maximum of the peak in the photolu-
minescence spectra around 810 nm. A silicon avalanche photodiode (APD) with a time
resolution of 300 ps is used.

3.2.2 Photoluminescence quenching

Figure 3.17 (a) exhibits the excitation, emission and absorption spectra for pure PB-
DTTT-c. The excitation spectrum presents a maximum around 350-400 nm and a peak
at 700 nm. The wavelength range covered by the excitation spectrum is consistent with
the absorption spectrum of the polymer. The emission spectrum is situated in the near
infra-red from 700 to 1200 nm with a maximum around 810 nm and a shoulder around
900 nm. The red shift, also called Stokes shift, of the emission spectrum with respect to
the excitation spectrum is due to non-radiative vibrational relaxations preceding the ra-
diative transition to the ground state. Figure 3.18 shows the electronic transition from the
ground state to an excited state of the molecule upon excitation with a photon. According
to Kasha’s rule, molecules quickly relax in the lowest excited state through non-radiative
vibrational transitions [203]. The fluorescent decay to the ground state is therefore red
shifted compared to the incident photon absorbed by the molecule.
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Figure 3.17: Emission, excitation and absorption spectra of pure PBDTTT-c (a) and Mo(tfd-
COCF3)3 (b).

The excitation, emission and absorption spectra of the pure dopant Mo(tfd-COCF3)3
are given in Figure 3.17 (b). All spectra have been obtained in solution as solid thin films
of dopant were difficult to obtain. The photoluminescence intensity is very low for an
excitation wavelength of 350 nm and situated between 600 and 900 nm.

To study the impact of Mo(tfd-COCF3)3 on the PBDTTT-c fluorescence we measure
the PL emission spectra for 8 doping concentrations varying from 0.5 to 6%. As the
PL intensity is low for an excitation wavelength of 350 nm for Mo(tfd-COCF3); we can
consider that the PL intensity measured is only due to PBDTTT-c¢ fluorescence. To
compare the spectra we took special care to prepare samples with similar thicknesses.
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Figure 3.18: Schematic of the radiative and non-radiative transitions between the ground and
excited states of the polymer describing the fluorescence red-shift with respect to the excitation.

The thickness of the layers are given in Table 3.1 and the mean thickness is estimated at
390 nm + 10%.

Figure 3.19 (a) shows the PL spectra of pure and doped PBDTTT-c and the PL spectra
are magnified to follow the evolution at high doping concentrations (b). The shape of the
PBDTTT-c emission spectrum is maintained with doping but the PL intensity is strongly
quenched with the addition of dopant. For MR>4% the PL intensity reaches the PL
spectrum of the borosilicate substrate. This fluorescence quenching has also been observed
for F4,TCNQ doped Tris-(8-hydroxyquinoline)aluminum (Alqgs) and has been attributed
to the formation of a complex charge transfer [202]. However, we need to verify whether
the formation of polarons is responsible for the fluorescence quenching observed.
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Figure 3.19: PL emission spectra for pure and doped PBDTTT-c and for the borosilicate
substrate (a). Magnified view of the PL spectra for doped PBDTTT-c (b).

Fluorescence quenching can be explained by different mechanisms divided into 2 cat-
egories: dynamic and static quenching [204]. Dynamic quenching includes various mech-
anisms like fluorescence resonance energy transfer (FRET) and collisional quenching,.
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FRET or Forster type energy transfer involves the transfer of the excited state energy
from the fluorophore to the quencher as illustrated in Figure 3.20 (a) [205]. The FRET
energy transfer is allowed through long-range dipole-dipole interaction. As a consequence,
the distance between both molecules plays an important role in the quenching efficiency.
Moreover, a spectral overlap is required between the fluorophore emission and quencher
absorption to allow the energy transfer. Collisional quenching is due to the non-radiative
decay of the excited state fluorophore induced by contact with another molecule called
quencher [204]. This process is illustrated in Figure 3.20 (b). Diffusion of the fluorophore
or generated exciton toward the quencher is involved in the model. Polarons induced
fluorescence quenching as illustrated in Figure 3.14 (a) corresponds to collisional and,
therefore, dynamic quenching [201]. Static quenching results from the formation of a
ground state charge transfer complex between the fluorophore and the quencher. The
part of the incident photons absorbed in the complex leads to non-radiative recombina-
tions as illustrated in Figure 3.20 (c), decreasing the overall photoluminescence signal
[204]. Moreover, the presence of a ground-state complex between the fluorophore and
the quencher can lead to collisional quenching induced by the exciton diffusion toward
the anti-bonding state of the complex. If we can show that the fluorescence quenching
of PBDTTT-c with Mo(tfd-COCF3)3 possesses a static component, we will strengthen
the hypothesis of CTC formation between both components. If the quenching is purely
dynamic, it will strengthen the hypothesis of polarons and, therefore, of ICT.
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Figure 3.20: Schematic of fluorescence quenching mechanisms: FRET (a), collisional quenching
(b) and static quenching (c).

We can determine if the quenching is due to FRET by analyzing the PBDTTT-c
emission and Mo(tfd-COCF3); absorption spectra shown in Figure 3.21. As mentioned
above, fluorescence quenching through energy transfer requires a spectral overlap between
the fluorophore emission and the quencher absorption. For Mo(tfd-COCF3)3; doped PB-
DTTT-c, this spectral overlap is limited. It is therefore unlikely that a FRET mechanism
is responsible for the fluorescence quenching observed. Therefore, we need to distinguish
between collisional and static quenching.
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Figure 3.21: Absorption spectrum of Mo(tfd-COCF3)3 and emission spectrum of PBDTTT-c
for an excitation wavelength of 350 nm.

3.2.3 Static or Dynamic quenching?

Collisional and static fluorescence quenching are described by the Stern-Volmer equation
[204]:

I[O =1+ Ksv[Q] (3.10)

where Iy and I are the emission intensities in the absence and presence of quencher respec-
tively, Kgy is the Stern-Volmer constant and [Q)] the molar concentration of quencher. By
plotting the ratio Iy/I with respect to the concentration of quencher [@)] we should obtain
a straight line for static and dynamic quenching. In the case of dynamic quenching, Kgy
is the Dynamic constant K p, which is given by the product of the bimolecular quenching
constant k, and the fluorophore excited state lifetime in the absence of quencher 7y:

Kp = kymo [mol ). (3.11)

For static quenching, Ky is the association constant for complex formation Kg given by
the following equation:

[F— Q)] 1
Kg=——>- [mol™7] (3.12)
[FllQ)]
with [F' — @] the complex concentration and [F] the concentration of uncomplexed fluo-

rophore.

To extract properly the emission intensities of pure PBDTTT-c () and with various
concentrations of dopant (I), we fit the spectra with Gaussian distributions. In this
analysis we chose to subtract the baseline before fitting as the signal to noise ratio is low at
high doping concentration. The Gaussian functions used for the fit and the determination
of the amplitude are similar to the one used for the absorption spectra and is given
by Relations 3.6 and 3.7. The emission spectra are fitted with two Gaussian functions
centered at 1.42 (Peak 1) and 1.55 eV (Peak 2). The position of both peaks has been
determined with a free fit for the pure PBDTTT-c sample and kept constant for the doped
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polymer spectra. Figure 3.22 exhibits the Gaussian fitting for both peaks for MR=0%.
The fits of the spectra for the doped samples are shown in Figure 3.23 (a) to (h).
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Figure 3.22: Emission spectra of PBDTTT-c and Gaussian fitting.

The area under the curve is determined for the cumulative fit for pure PBDTTT-c (1)
and for the various doping concentrations (/). Figure 3.24 (a) shows the Stern-Volmer plot
with [@] determined with respect to the concentration of fluorophore [Iy] = 1. Although
we expect a linear dependance for static or dynamic quenching as suggested by equation
3.10, a positive deviation form the Stern-Volmer plot is observed for doping concentrations
above 2%. A positive deviation can be explained by combination of static and dynamic
quenching or by a large extent of quenching called sphere of action [204].

When the presence of the quencher involves static and dynamic quenching of the
fluorophore, the Stern-Volmer equation is modified as follows [204]:

N (4 KlQ)) (1 + KlQ) = 1+ (Ko + K5) [Q] + KpKs[Q) (3.13)

The dynamic constant Kp is usually determined using TRPL measurements and the
constant for complex formation Kg can be deduced from a modified representation of the
Stern-Volmer plot. Equation 3.13 can be rewritten as follows:

<[[“ _ 1) /1Q] = (Kp + Ks) + KnKs[Q]. (3.14)

Therefore, the plot of (/I — 1) /[Q] with respect to the concentration of quencher [Q)]
leads to a straight line with the slope KpKg and the intercept Kp + Kg.

Figure 3.24 (b) shows the modified representation of the Stern-Volmer plot, which
exhibits a straight line indicating that both dynamic and static mechanisms might be
involved in the quenching of PBDTTT-c.

To verify that the quenching contains a dynamic coponent and determine the dynamic
constant Kp, we analyze the evolution of the fluorophore lifetime with doping. The
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Figure 3.23: Emission spectra of MR=0.5% (a), 0.7% (b), 1% (c), 2% (d), 3% (e), 4% (f), 5%
(g) and 6% (h) with Gaussian fitting.
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Figure 3.24: Stern-Volmer plot determined with the total area under the curve and linear
function (dotted line) (a). Corrected Stern-Volmer plot to separate dynamic and static constants

(b).

fluorophore excited state lifetime 7 depends on the radiative 7 and non-radiative 7wy
lifetimes as follows:

. (3.15)

T T Tnr
For collisional quenching, the addition of quenchers offers non-radiative pathways to the

excited fluorophore decreasing 7wy and, therefore, the fluorophore lifetime 7. In the ab-
sence of quencher the fluorophore decay rate v is given by:

5t =1. (3.16)

Since collisional quenching depopulates the fluorophore excited state, an additional decay
rate defined by the bimolecular constant needs to be taken into account:

T=(y+kJ[Q)". (3.17)

As a consequence, for collisional quenching the fluorophore excited state lifetime with and
without quencher is related to Ip/I as follows:

T 1

£:1+@m@p:%
Fluorescence quenching due to the formation of non-radiative complex does not affect any
of the radiative and non-radiative lifetimes of the fluorophore. Therefore, the observed
fluorescence results only from the radiative and non-radiative decay in the uncomplexed
fluorophore, which excited state lifetime is given by 7y. For static quenching, the ratio
To/T is unity. If we measure the fluorophore excited state lifetime for the pure PBDTTT-c
and doped PBDTTT-c with different doping concentration we can distinguish between
dynamic and static quenching.

(3.18)

Figure 3.25 shows the TRPL spectra for pure, 0.5%, 1%, 2% and 4% MR doped
PBDTTT-c. The 5 and 6% MR doped samples have not been analyzed due to their
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low photoluminescence intensity. Moreover, we have noticed in Figure 3.19 that the
photoluminescence intensity reaches the one of the substrate for doping concentrations
above 4% MR. Therefore, at high concentrations, we are not sure whether we measure the
photoluminescence of the polymer or the substrate. To extract the excited state lifetime,
we fit the TRPL spectra with a double exponential function as follows:

y=yo+ Arexp (—x/m) + Azexp (—x /7). (3.19)

As intensity values evolve over several orders of magnitude, we weight the data using
standard deviation. We also avoid to fit the tail of the signal where the signal-to-noise
ratio is low. The black lines in Figure 3.25 correspond to the double exponential fit and
the extracted lifetimes are given in Table 3.4.

10°4
~ 104 ¥

1034 &

Intensity (arb. u

10744

104

10°4 . L

Time delayes (ns)

Figure 3.25: TRPL spectra for 0%, 0.5%, 1%, 2% and 4% doped PBDTTT-c and double
exponential fit (black lines) in a semi-logarithmic scale.

The extracted values of 71 and 7, are short (below 1 ns) and close to the time response of
the APD (between 300 and 350 ps). The values of 7y extracted during the first nanosecond
of decay and lower than 350 ps for doped polymer are probably related to the APD
response. The lifetime 7, corresponds to the excited state in pure and doped PBDTTT-c
and needs to be deconvoluted from the APD response. If we consider the APD response
time T,pp and the PBDTTT-c excited state lifetime 7opprrr. as two independent variables,
the measured lifetime 7 is given by:

= 7—iPD + TIEBDTTT»C' (3'20)
Using this relation, the PBDTTT-c lifetime 7ppprrr. is extracted for each doping concen-
tration and given in Table 3.4.

The evolution of the polymer lifetime is shown in Figure 3.26 (a). The excited state
lifetime of PBDTTT-c decreases linearly from 0% to 2% MR as expected for dynamic
quenching. The value obtained at higher doping concentration (4% MR) deviates from
the linear law, probably due to the APD response time. If we take into account the linear
fit obtained between 0% and 2% MR, we would indeed expect a lifetime around 50 ps at
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Table 3.4: Lifetimes extracted from the TRPL spectra fitting with a double exponential.

MR (%) Extracted 7 (ps) Extracted 7 (ps) Corrected 72 (ps)
0 419 850 780 £ 10
0.5 320 750 680 + 10
1 280 660 570 £ 10
2 240 550 440 £+ 20
4 230 480 350 £ 20

4% MR. Since the APD response time is given by the supplier between 300 and 350 ps,
it is very likely that the lifetime extracted is mostly due to the equipment.

As suggested by equation 3.18, by plotting 75/7 with respect to the concentration of
quencher [@] given in Figure 3.26 (b), we can extract the dynamic constant Kp = k,m of
36+ 2 M. Considering an excited state lifetime 7y of 780 % 10 ps for the pure polymer,
we obtain a bimolecular quenching constant k, of (4.6 +0.3) x 10'® M~'s~!. Bimolecular

quenching constants of the order of 10Y M~!s~! are typical for dynamic quenching due
to diffusion [204].

800 L
700 L 221 i
X 2.0- L
600 - - 3 18] i
. b =362 M™
5004 i 1.6- L
hY 1.4+ -
400 L

Tdecay (pS)
Hib

/T ()
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: 08— ;

O.E)Z
[ (W)

0.62
[Q1 (W)

Figure 3.26: Evolution of PBDTTT-c excited state decay time with doping concentration and
linear function (dotted line) (a). Plot of 79/7 with respect to the doping concentration and
extraction of the dynamic constant Kp (b).

The upward curvature of the Stern-Volmer plot suggested a combination of static
and dynamic quenching involved in Mo(tfd-COCF3)3; doped PBDTTT-c. We verified the
presence of dynamic quenching with TRPL measurements and extracted the dynamic
constant Kp. Using the modified version of the Stern-Volmer plot, we can determine the
constant for complex formation Kg of (1.4£0.3) x 10* M ~'. This value is of the same order
of magnitude as MEH-PPV complexed with Cgy with a constant of 2.5 x 10% M~ [206].
However, the constant for complex formation is 2 orders of magnitude higher for Mo(tfd-
COCF3)3 doped PBDTTT-c than for F/TCNQ doped Alqs with a constant of 13.8 M1
[202]. This is consistent with the fact that the electron affinity of FyTCNQ of 5.2 €V is
lower than the ionization potential of Alqs determined at 5.7 eV. This result shows that

96

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

3.3. Characterization of gap states related to organic semiconductor p-doping

the probability of complex formation between Mo(tfd-COCF3)3 and PBDTTT-c is high.

Using photoluminescence spectrocopy we have shown that the addition of the dopant
Mo(tfd-COCF3)3 in PBDTTT-c quenches the polymer fluorescence. FRET has been
excluded as potential origin for fluorescence quenching and lifetime measurements
have been performed to distinguish collisional and static quenching. With an in-
creasing 7p/7 ratio, Time Resolved Photoluminescence (TRPL) measurements have
shown that dynamic quenching is involved in the photoluminescence quenching with
doping. However, the upward curvature obtained in the Stern-Volmer plot indicates
a combination of dynamic and static quenching mechanisms. The dynamic constant
and constant for complex formation have been extracted and are consistent with the
literature. The involvement of both static and collisional quenching strengthens the
hypothesis of Charge Transfer Complex formation (CTC).

3.3 Characterization of gap states related to organic semicon-
ductor p-doping

UV-visible absorption spectroscopy and photoluminescence measurements suggest the
formation of a charge transfer complex between the polymer HOMO and the dopant
LUMO. The anti-bonding level of this complex would lie 470 meV above the HOMO (see
Figure 3.11) and might correspond to the doping acceptor state. Moreover, an additional
trap level is suspected in the polymer bandgap lying 230 meV above the HOMO. To
validate these assumptions we want to probe the existing energy levels in the bandgap
and confirm their position. In this study we use admittance spectroscopy to probe the
trap levels in pure and doped PBDTTT-c. Molar concentrations of 2% and 5% MR are
chosen to cover the trap filling and high doping concentration regimes identified with
conductivity measurements in Chapter 2.

3.3.1 Admittance spectroscopy

Different characterization techniques have been developed to probe the energy levels in
the bandgap of semiconductors. These techniques include Deep Level Transient Spec-
troscopy (DLTS), Modulated Photocurrent (MPC), Photoconductivity (PC), Thermally
Stimulated Current (TSC) and admittance spectroscopy [207]. It has been reported that
DLTS is not suitable for organic semiconductors because of their low mobility and TSC
probes only the shallow states (typically below 0.4 eV from the valence or conduction
band) [208, 209]. In this study we choose to use admittance spectroscopy to probe the
potential trap states in the pure and doped polymer.

The admittance spectroscopy technique consists in analyzing the capacitance C' and
conductance GG with the frequency at different temperatures. To measure the capacitance
and conductance, we apply a DC voltage V and an additional AC voltage with a small
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PBDTTT-c

amplitude (typically 10 mV) around the DC component and measure the polarization
current. The complex admittance of a diode structure is given by the following equation
[182]:

Y = Gw) +iwC(w), (i*=-1) [9] (3.21)

with w = 27 f the angular frequency of the applied bias AC component. Defects in the
bandgap will impact both conductance and capacitance due to the response of additional
charges to the oscillating signal. This impact is frequency and temperature dependent
and enables the extraction of parameters related to the traps.

Figure 3.27 (a) represents the band diagram of a Schottky diode at 0 V with two energy
levels in the bandgap Er; and Ers. A band-bending is formed on the Schottky contact
to satisfy Poisson’s equation. In this configuration, the Fermi level of the semiconductor
crosses the trap levels at two different depths in the layer. When a small AC voltage is
added to the DC bias, the charges in the trap levels oscillate to follow the position of the
Fermi level. The answer of charges to the sinusoidal signal are equivalent to a RC circuit
with R1Cy = 71 and RyCy = 75. 71 and 75 are the time constant of the trap levels [210].
Figure 3.27 (b) depicts the equivalent circuit of the Schottky diode with two RC circuits
in parallel. The third component Cj; corresponds to the space charge.

(a)

(b)

V=0V —
3 L

Figure 3.27: Energy level diagram (a) and equivalent circuit (b) of a Schottky diode with
two trap levels in the bandgap. Ci, Cs, R; and R respresent the equivalent capacitance and
resistance of the trap levels and Cy the capacitance related to the space charge.

The charges response to the AC voltage depends on the frequency of the oscillating
signal. At high frequency, the carriers cannot follow the AC signal and do not contribute
to the total capacitance. The capacitance of the diode measured at a given frequency and
DC bias is given by the following equation [182]:

Ow) = Cy + Cy(w) (3.22)

where C, represents the contribution of the depletion region and is frequency independent
and Cy(w) corresponds to the charges in the trap levels responding to the AC signal. If
we consider a single energy level in the bandgap, the total capacitance can be expressed
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as follows [211]:

C(w) = Chf + (le — Chf) (323)

1+ w?7?
with C} ¢ and Cjs the high and low frequency capacitances. At high frequency, the trapped
carriers cannot respond to the signal and Cjy = Cy. As a consequence, Cjy — Cjy cor-
responds to the trap contribution and 7 drives the dynamics of the energy level. The
trap capacitance C' — Cy of a Schottky diode with one single trap level in the bandgap
will follow a step-like function as shown in Figure 3.28 (a). With increasing temperature,
the position of the step shifts toward higher frequencies as temperature facilitates the
trapping-detrapping process. The position of the step at a given temperature is given by
wT = 1. Therefore, by identifying the inflection point of the step-like function we can
determine the time constant of the trap 7, = wy'.

Considering the similar structure, the evolution of the total conductance can be ex-
pressed with respect to the angular frequency:

G-G3d wT
0 = (Cyy — Cy)

w 14 w272

(3.24)

where GGy is the dc conductance. To be as close as possible to the conductance without
AC signal, we take the value of the conductance at the lowest frequency measured (20 Hz)
for Gy. A trap level in the bandgap of the semiconductor leads to the formation of a peak
centered at wy in the conductance spectrum as shown in Figure 3.28 (b). The maximum of
the peak corresponds to C7/2 and the peak shifts in frequency with varying temperature
following the position of the step in the capacitance spectrum.

@) (c)

C-C4 In(w;)
T
— Vo |
.
[ -~
/2 ¢ - e
o EEae w q/kT
(b)
(G-Go)/w
d
(d) =
/2
E
S TT BV
= w

1/t

Figure 3.28: Schematic of capacitance C' — Cy (a) and conductance (G — Gp)/w (b) versus
frequency plots at different temperatures for a Schottky diode with a single energy level in
the bandgap. Schematic of the Arrhenius plot derived from the temperature dependency of
the conductance spectra (c¢) and band diagram show the position of the trap state from the
activation energy extracted (d).

The temperature dependent time constant of the trap 7, follows an Arrhenius law
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212):

! ( Er ) (3.25)
— = pyypopexrp | ——— .
T PVthOp€TP kBT

for a p-type semiconductor with p the hole density of states, 14, the thermal velocity, o,
the capture cross-section for holes and Er the activation energy of the trap. The prefactor
of the Arrhenius law is called attempt-to-escape frequency vq [212]:

Vo = PUinOp. (3.26)

The attempt-to-escape frequency is related to the dynamics of the trap emission and the
maximum rate of the detrapping process. In inorganic semiconductors, the attempt-to-
escape frequency is temperature dependent. However, the temperature dependency of the
Arrhenius prefactor can usually be neglected with respect to the exponential component
[213]. As a result, Equation 3.25 can be simplified to:

1 Er
1 _ by 3.27
T P < kBT) (3:27)

The plot of In(wr) with respect to /kgT shown in Figure 3.28 (c) can be fitted with a
straight line which slope corresponds to the activation energy of the trap Er, as illustrated
on the band diagram in Figure 3.28 (d). The attempt-to-escape frequency can be extracted
from the intercept of the fit with the y-axis.

The extraction of the trap activation energy with admittance spectroscopy measure-
ments is not sufficient to determine whether the trap is situated below the conduction
band or above the valence band (Figure 3.29 (a)). The electrode work-functions can help
identifying the position of the trap in the bandgap. A defect in the semiconductor bangap
is probed by admittance spectroscopy when the trap level is crossed by the Fermi level
at equilibrium or the quasi-Fermi levels when a bias is applied to the diode. In a diode
structure, the quasi-Fermi levels are necessarily situated between the cathode and the
anode work-functions. As a consequence, states below the anode and above the cathode
cannot be probed by this technique [207]. Depending on the energy level extracted, the
position of the trap level can be distinguished by considering the electrode work-functions
as shown in Figure 3.29 (b).

@) (b)

— B C BC
ETl ETl
"""""""""" 7, camone

Er
el 1.
BV ANODE

BV

Figure 3.29: Band diagram of the semiconductor showing the two potential position of the trap
level determined by admittance spectroscopy (a). Band diagram of the Schottky diode used,
showing the bandgap areas which cannot be probed by admittance spectroscopy (hatched area)

(b).
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Using admittance spectroscopy, the activation energy and the time constant of traps in
semiconductor bandgaps can be extracted. The position of the energy level with respect
to the conduction or the valence band can be determined depending on the electrode work-
functions. However, complementary analyses like Mott-Schottky measurements need to
be carried out to distinguish between donor and acceptor states.

We will use this characterization technique to probe potential trap state in pure and
doped polymer and compare the energy levels with the anti-bonding state calculated
previously and suggested by UV-visible spectroscopy.

3.3.2 Samples and experimental set-up

As we want to probe trap states above the polymer HOMO for pure and doped PB-
DTTT-c, we need to fabricate hole-only devices with one ohmic contact for holes and
one Schottky contact to create a depletion zone in reverse bias regime. We can therefore
use the Schottky diodes described in Chapter 2 for hole concentration extraction through
Mott-Schottky analysis and called Structure 2 in Appendix A. The structure of this diode
is shown in Figure 3.30 and the experimental description can be found in Section 2.3.1.
Devices with pure PBDTTT-c and p-doped PBDTTT-c¢ with 2 and 5% MR are studied
in this section.

(a) (b)

-33eV. 335V -3.35eV
100 nm Al
70 nm PBDTTT-c

PEDOT: Al
165 nm I PSS PBDTTT-c PBDTTT-c

-43eV
70 nm i PBDTTT-c
ITO
150 nm PEDOT:PSS
-47eV

110 nm ITO

-49eV. o isev -5.15eV

Figure 3.30: Structure (a) and band diagram (b) of the Schottky diode processed for admittance
spectroscopy measurements (Structure 2).

For admittance spectroscopy analysis, we need to carry out capacitance measurements
at variable temperatures from 100 to 350 K. The measurements have been performed in
a vacuum chamber with a chuck cooled down to 77 K with liquid nitrogen. The chuck
is then heated to the required temperature. An impedance analyzer Keysight E4990A is
used for the capacitance measurements. The complete setup is shown in Figure 3.31. For
this study, C(f) and G(f) characteristics have been carried out from 20 Hz to 10 MHz
with an AC signal amplitude of 10 mV and a bias of 0 V.
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TEMPERATURE : 4 B B IMPEDANCE
CONTROLLER 3 , ANALYZER

Figure 3.31: Admittance spectroscopy setup with the liquid nitrogen and temperature controller
for variable temperature measurements, the camera, the probe station and the impedance ana-
lyzer.

3.3.3 Trap states formation with p-doping

Figure 3.32 (a), (c) and (e) exhibits the capacitance spectra with varying temperature
for 0%, 2% and 5% MR. While two steps can be observed for the doped samples with
transition frequencies increasing with temperature, the pure sample shows only a slight
capacitance increase at low frequency for temperatures above 260 K. The conductance
spectra are shown in Figure 3.32 (b), (d) and (f) highlighting the formation of two peaks
with doping associated with two trap states in the bandgap.

The position of the peaks (wr) with temperature needs to be extracted to derive the
activation energy of the trap. The Arrhenius plots of In(wy) with respect to q/kgT are
shown in Figure 3.33. Linear fittings are used to extract the activation energies and
attempt-to-escape frequencies of the traps for the 0%, 2% and 5% MR samples.

For the pure polymer, the peak is visible only for temperatures above 300 K. To obtain
a fit of the Arrhenius plot we measured the conductance spectra up to 350 K in steps
of 10 K. The data suggest a trap with an activation energy around 200 meV. However,
precautions need to be taken on this value regarding the low conductance signal. As shown
in Figure 3.29, the electrode work-functions can help us determine whether the activation
energy is given with respect to the HOMO or LUMO levels. In the device studied, the
anode and cathode work-functions are 4.9 and 4.3 eV respectively (as shown in Figure
3.30). As a consequence, potential traps situated less than 150 meV above the HOMO
or 1.05 eV below the LUMO cannot be probed by admittance spectroscopy. The trap
probed with an activation energy of 200 meV is therefore situated above the PBDTTT-c
HOMO as illustrated in Figure 3.35 (a).

When the polymer PBDTTT-c is doped with the dopant Mo(tfd-COCF3);3 at a con-
centration of 2% MR, two peaks can be observed in the conductance spectra. In order
to properly determine the position of both peaks with temperature, the spectra are fitted
with two Gaussian functions as shown in Figure 3.34 at 280 K. The position of the peak
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Figure 3.32: Capacitance (a), (c) and (e) and (G — Go)/w (b), (d), (f) vs angular frequency w
as a function of temperature at 0 V for MR=0%, 2% and 5% respectively.
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Figure 3.33: Arrhenius plot derived from the admittance spectroscopy measurements on the
samples with doping concentrations of 0% (a), 2% (b) and 5% MR (c). The activation energies
and attempt-to-escape frequencies are extracted with a linear fit.

with lower intensity, called peak 1, is shown in red in Figure 3.33 (b) and the peak with
higher intensity, peak 2, in blue. Two activation energies can be extracted at 280 £ 20
and 480 + 20 meV. According to the electrode work-functions, both peaks are situated
above the HOMO. Figure 3.35 (b) shows the position of the trap levels extracted for this
sample. The level obtained for the pure polymer around 280 meV above the HOMO is
also observed with doping. Moreover, an additional trap state can be identified deeper in
the bandgap when PBDTTT-c is doped with Mo(tfd-COCF3)s.
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Figure 3.34: (G — G))/w vs angular frequency w at 280 K for the 2% MR sample and Gaussian
fitting for peaks 1 and 2.

Increasing the doping concentration from 2% to 5% MR, does not lead to major changes
in the trap position. The trap attributed to the polymer is extracted at 220 £+ 10 meV
above the HOMO and the energy level associated with the addition of dopant is obtained
at 430 + 10 meV above the HOMO for the 5% MR sample. Figure 3.35 summarizes the
energy levels probed by admittance spectroscopy in the three samples studied.
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Figure 3.35: PBDTTT-c band diagram showing the energy levels probed by admittance spec-
troscopy and their attempt-to-escape frequency for the MR=0% (a), 2% (b) and 5% (c).

Admittance spectroscopy measurements have been carried out on pure and Mo(tfd-
COCF3)3 doped PBDTTT-c to probe potential trap states in the polymer bandgap.
One trap state is identified in the pure polymer approximately 200-280 meV above the
HOMO. This energy level is intrinsic to the polymer and is also probed in the doped
samples. With doping an additional trap state is identified 430-480 meV above the
HOMO. Both energy levels probed by admittance spectroscopy are consistent with
the hypothesis of Charge Transfer Complex formation suggested from UV-visible
absorption spectroscopy results if we consider a dopant electron affinity of 5.3 eV and
summarized in Figure 3.36. The trap closer to the HOMO probed in the pure and
doped polymer would correspond to the trap state intrinsic to the polymer suggested
to explain the peak at 860 meV in UV-visible absorption spectroscopy measurements.
The second trap state probed deeper in the bandgap is consistent with the hypothesis
of an anti-bonding level situated approximately 470 meV above the polymer HOMO.

POLYMER
-3.35eV
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230meV b, BT 0
-5.15 eVF:':__ '.““
.:: S— -5.3 eV
5.78 eV

Figure 3.36: Schematic of the hypothetical CTC formed between the PBDTTT-c HOMO and
the Mo(tfd-COCF3)3 LUMO with the energy levels of the anti-bonding and trap levels according
to UV-visible absorption spectroscopy measurements.
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Figure 3.35 also summarizes the attempt-to-escape frequencies extracted for both
peaks for each doping concentration. We can notice that, for the trap intrinsic to the
polymer, the attempt-to-escape frequency increases by several orders of magnitude with
doping. This might be due to the hole density increase in the polymer. Equation 3.26
shows that the attempt-to-escape frequency for holes depends on the hole concentration p,
the thermal velocity 1, and the capture cross-section for holes o,. The thermal velocity
and the capture cross-section are independent of the doping concentration. However, p
is directly related to the quantity of molecular dopants added to the polymer, as shown
by the hole density p increase with doping presented in Chapter 2. As a consequence,
the attempt-to-escape frequency increases for both traps with the concentration of holes
available in the HOMO.

In the following section we will determine the trap density and their Density of States
(DOS). The evolution of the trap density with doping will be analyzed and compared
with the hole density.

3.3.4 Trap concentration and Density of States

Two methods can be used to extract the trap concentration Nr for each trap probed in
the bandgap. The density of traps can be obtained from the capacitance C7 extracted
from the peak amplitude in the conductance spectra [212]:

AkgTCrp

Nr = e2AAw

[em ™) (3.28)
with A the area of the device and Aw the depletion thickness variation induced by the
oscillating signal. Aw can be extracted from the C(V) measurements of the device at a
given bias and temperature. A frequency of 100 Hz is chosen for the C(V) measurements
to ensure the response of traps to the sinusoidal voltage. The capacitance of the device
is related to the depletion thickness w as follows:

C— €ocr A

F. 3.29
S (329)
At a given bias V and an AC signal amplitude dV, the depletion thickness variation Aw
is obtained from the difference between the depletion thickness at V + dV and V — dV.

The permittivity €, of PBDTTT-c has been determined from the geometric capacitance
Cyeo in Chapter 2 at 2.8 0.1,

Table 3.5 summarizes C'r, Aw and the trap concentrations for both peaks calculated
at 0 V. The trap concentrations are compared with the hole concentration p extracted in
Chapter 2.

We can observe that the concentration of the traps situated 430-480 meV above the
HOMO increases by a factor 2.5 between the 2% and 5% MR samples. This evolution
is consistent with the molecular doping concentration evolution. However, we also notice
a strong evolution of the trap density corresponding to the level 200-280 meV above the
HOMO, which has been attributed to the polymer. If this trap is intrinsic to PBDTTT-c,
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its density shouldn’t be influenced by the addition of dopants. This behavior can be
explained by the amount of available carriers in the HOMO. To obtain a signal of the
trap in the conductance spectra, charges need to be trapped and detrapped in the defect
following the oscillating signal. If the amount of free carriers in the HOMO available
for trapping/detrapping process is limited, the resulting capacitance will be lower. In
the pure polymer, the doping concentration is very low (< (54 0.1) x 10'®) limiting the
fraction of traps probed by admittance spectroscopy. By doping the polymer, the number
of carriers increases leading to a more complete probing of the defects. As the trap
concentration continues to increase between 2% and 5% MR we cannot conclude whether
we reached the total concentration of this trap state. It is therefore unclear whether the
concentration extracted by admittance spectroscopy for the trap level attributed to the
addition of dopant corresponds to the real amount of trap states.

Table 3.5: Trap concentration extraction from Equation 3.28 with the capacitance of the peak in
conductance spectra Cr and the depletion thickness variation Aw. The hole density p extracted
in Chapter 2 are also indicated.

MR Aw Nr Peak 1 N7 Peak 2 P
(%) (nm) (em™?) (em™?) (em™?)
0 1.4 (1.440.1) x 10 < (5.4+0.7) x 10"

2 0.6 (528 +£0.08) x 101® (1.6 +£0.1) x 107 (2.840.4) x 10'®
5 034  (2940.2)x 107 (4.040.3) x 107 (441) x 108

By using the capacitance measurements, it is also possible to extract the trap Density
of States (DOS) profile. According to Khelifi et al. [182], the density of trap states D, at
en energy F,, above the valence band is given by the following relation:

_ Wi dC w -3 1/—1
Dy(E,) = AW do FuT [em™ eV ] (3.30)
where F,, is defined as follows:
2
E, = kyTin (j) eV]. (3.31)

In Equation 3.30, the attempt-to-escape frequency 14 is taken from the Arrhenius fit
shown in Figure 3.33 and V}; corresponds to the build-in voltage of the device. The
Mott-Schottky analysis can be used to extract Vj; for a homogeneous doping profile.
This condition is only satisfied for the pure sample. However, Krichartz et al. have
shown that the V}; extraction using Mott-Schottky analysis is not accurate at low doping
concentration [184]. As a consequence we choose to use the theoretical built-in voltage
defined by the difference between the electrode work-functions. Considering PEDOT:PSS
and aluminum work-functions of 4.9 and 4.3 eV respectively, a built-in voltage of 0.6 V is
taken into account.

For this analysis we should only consider the depletion thickness where the traps
are probed by this technique. When a doped layer is surrounded by two pure layers of
polymer, the increased capacitance induced by traps is mainly due to the defects in the
doped layer where a sufficient amount of free carriers are available. Therefore, we need
to determine the depletion width in the doped layer Wj.
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As a first step we determine the depletion width W), in the pure layer situated between
the aluminum electrode and the doped layer. Considering a homogeneous doping in this
layer, W, is calculated using the following relation:

2€0€,
= . — V). .32
=24, v) 332
With a hole concentration p of (5.040.1) x 10 ¢m ™2 in the pure polymer and a built-in
voltage estimated at 0.6 V, a depletion width of 190 4 20 nm is obtained at 0 V. As the
pure layer is thinner than the depletion width calculated, a part of the built-in potential
is absorbed by the doped layer forming a depletion region W, which will be used in
the determination of the DOS profile. To calculate Wy, we first need to determine the
depletion width that has not been absorbed in the pure layer AW

AW =W, = tpure (3.33)

with ¢, the thickness of the pure layer measured at 70 + 10 nm. We obtain a difference
AW of 120 4+ 20 nm. Using Relation 3.32 we can now determine the voltage drop V; — V
that has not been absorbed in the pure layer of polymer:
AW?qp

Vii—=V = e, (3.34)
We obtain a voltage drop of 0.23 £ 0.08 V. As a last step, the depletion thickness in the
doped layer Wy can be calculated using Equation 3.32 with the voltage drop (Vi — V)
calculated previously and the hole density p in the doped layer. For the 2% and 5% MR
samples we obtain depletion widths W, of 6 +1 nm and 4.5 £+ 0.8 nm respectively. Using
those depletion widths we can reconstruct the DOS profile for each trap in the bandgap.
For the sample with pure polymer, the depletion width is W), (190 £ 20 nm).

Figure 3.37 exhibits the DOS profiles for the pure polymer and the doped polymer
at 2% and 5% MR. Although the uncertainty is significant with this technique, we can
identify gaussian-like profiles for both trap states measured by admittance spectroscopy.
The Gaussian distribution for peak 2 is consistent with the sub-bandgap absorption peak
attributed to the charge transfer complex formation. By fitting the peak density D, with
Gaussian functions, we can determine the total trap density N, the center of the DOS
with respect to the HOMO E7 and the FWHM of the peak [182]:

~ Nr (Er — E,)?
D; = méea:p [— 552 (3.35)

where 0 is the energy dispersion related to the FWHM of the DOS and FE,, the position
in the bandgap with respect to the HOMO level.

Except for the pure sample, the total trap concentrations Nr are of the same order
of magnitude for both extraction techniques (from Cr and from the DOS). However,
regarding the significant density uncertainty obtained through the DOS calculation, we
prefer to consider the values given in Table 3.5. The position of the Gaussian distributions
are indeed directly influenced by the attempt-to-escape frequency extracted with the linear
fit on the Arrhenius plot. Uncertainties on this value can lead to shifts of the peak position.
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Figure 3.37: DOS profiles at 300 K for MR=0% (a), 2% (b) and 5% (c). The fitting parameters
are indicated.

The trap densities have been extracted using the capacitance amplitude of the peaks
in the conductance spectra. We have shown that the density of the energy levels
attributed to the addition of dopant increases by a factor 2.5 between 2% and 5% MR,
consistent with the doping evolution. However, it is unclear whether the total amount
of defects has been probed with this technique as the trap response is limited by the
free carriers available in the polymer HOMO. This limitation can explain the strong
evolution with doping of the trap density associated with the defect intrinsic to the
polymer. Finally, the DOS profile has been reconstructed for all samples highlighting
the gaussian-like distribution of both traps. This observation is consistent with the
Gaussian profiles obtained for the sub-bandgap peaks in the UV-visible absorption
spectra.

3.3.5 From UV-visible absorption spectroscopy to admittance spectroscopy

Figures 3.38 (a) and (b) summarize the main results of the admittance spectroscopy study
on pure and Mo(tfd-COCF3)3; doped PBDTTT-c. A trap level situated approximately
200 meV above the polymer HOMO has been probed for the pure sample. This trap is also
measured in the doped samples with activation energies varying between 220 and 280 meV
depending on the doping concentration. The addition of dopant leads to the formation of
an additional energy level in the bandgap situated around 430-480 meV above the polymer
HOMO. The density evolution of this trap is proportional to the doping concentration
evolution.

We can consider that the trap 200-280 meV above the HOMO is intrinsic to the
polymer. In case of CTC formation, the absorption peak at 860 meV (section 3.1) would
be consistent with electron emission from the bonding state of the complex to this trap.
The schematic related to this hypothesis is reminded in Figure 3.38 (c).

The trap probed 430-480 meV above the polymer HOMO is attributed to the addition
of dopant. The position of this energy level is consistent with the anti-bonding state of the
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Figure 3.38: PBDTTT-c band diagram summarizing the trap states probed by admittance
spectroscopy for pure (a) and doped (b) samples. Schematic of the hypothetical CTC formed
between the PBDTTT-c HOMO and the Mo(tfd-COCF3)3 LUMO with the energy levels ob-
tained from UV-visible absorption spectroscopy considering a Hiickel-like model (c).

the potential complex formed between the polymer HOMO and the dopant LUMO. Con-
sidering a Hiickel-like model, this anti-bonding state is situated approximately 470 meV
above the polymer HOMO.

3.4 How to explain the effective p-doping?

Although our experiments strongly suggest that the formation of a Charge Transfer Com-
plex is involved in the p-doping process of PBDTTT-c by Mo(tfd-COCF3)s, it is unclear
how an acceptor level situated several hundreds of meV above the HOMO can lead to dop-
ing densities as high as 10'® ¢m ™. Further work needs to be carried out to understand
what mechanism allows this transition from the HOMO level to the anti-bonding state
of the complex as illustrated in Figure 3.39. Over the last few years, several studies have
reported a broadening of the HOMO Density of States with doping. This phenomenon
might be involved in the doping process. Also, as it is known for photo-oxidation, light
could enable the transition needed toward the acceptor states. In this section we detail
both hypothesis and present an outlook to this study.

3.4.1 Density of States broadening

Arkhipov et al. have shown that the addition of dopant leading to strong Coulombic inter-
actions induces a Density of States (DOS) broadening with an increase of the deep states
in the tail of the Gaussian distribution [173]. Figure 3.40 illustrates the DOS distribution
of the Gaussian HOMO with additional tail states. The potential anti-bonding state of
the complex is added to the schematic at approximately 470 meV above the HOMO. Two
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Figure 3.39: Schematic of the transition required from the polymer HOMO to the anti-bonding
state of the CTC to p-dope the polymer.

FWHM are considered for the Gaussian distribution of the acceptor level. In Figure 3.40
(a), a FWHM of 70 meV is taken into account regarding the Gaussian fit carried out
on admittance spectroscopy measurements. The Gaussian distribution associated with
the sub-bandgap peak observed in UV-visible absorption spectroscopy measurements ex-
hibits a FWHM around 180 meV. The discrepancy between both values remains to be
understood. This potential Gaussian distribution is shown in Figure 3.40 (b). In both
schematics we can see that a broadening of the tail states results in a superposition of
the HOMO with the acceptor level distributions. Such phenomenon could explain how
electrons from the polymer HOMO can be accepted on the dopant level approximately
470 meV above the HOMO.

@ ®)
9E) | 9E) |
HOMO
CTC
anti-bonding
) DOS Broadening state
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FWHM ) FWHM
70 meV ! 180 meV
: E-E : E-E
0 meV ! rove 0meV ‘ e
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Figure 3.40: Schematic of the HOMO DOS and the trap Gaussian distribution with two different
FWHM: 70 meV (a) and 180 meV (b) corresponding to the admittance spectroscopy and UV-
visible absorption spectroscopy extractions respectively.

Recent studies have reported experimental results of DOS broadening with doping
through Ultraviolet Photoelectron Spectroscopy (UPS) measurements. Pahner et al. have
measured an increase of the tail states distribution with doping for CgoF36 doped PEN
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[181]. This tail states evolution has also been observed by Zuo et al. in FJ/TCNQ doped
P3HT and they developed a model showing good consistency with the data and highlight-
ing the role of deep trap tail in the DOS evolution of the HOMO [214]. Lin et al. have also
observed an evolution of the HOMO Density of States for Mo(tfd); doped CuPc [127].
However, they showed that the addition of small amounts of dopant in CuPc leads to
broadening of the main Gaussian distribution while the trap states in the tail distribution
are progressively filled with doping.

To further explore this hypothesis, it would be interesting to carry out UPS mea-
surements in order to follow the evolution of the HOMO distribution of PBDTTT-c¢ upon
Mo(tfd-COCF3); addition. Moreover, we could use UPS and IPES measurements to probe
the bonding and anti-bonding distributions of the complex by dramatically increasing the
doping concentration to reach a 50:50 ratio between polymer and dopant.

3.4.2 Light assisted p-doping

The p-doping ability of oxygen in organic semiconductors has been highly reported in the
literature [215, 216, 217]. Although the mechanisms behind oxygen doping is not totally
understood, the impact of light on the doping effectiveness has been highlighted [183,
218]. Light-assisted oxygen p-doping is explained by the excitation of the electron from
the HOMO to the LUMO of the polymer followed by the electron transfer in the oxygen
acceptor level situated in the polymer bandgap as illustrated in Figure 3.41 (a). The hole
associated with the excited electron trapped by the oxygen level does not recombine and
increases the hole density of the polymer. Liao et al. followed the current evolution in
a symmetric two terminal device in the dark and under light exposure with and without
high oxygen pressure [219]. They highlighted the increased oxygen doping efficiency under
light exposure.

@ poumer ©
POLYMER

Figure 3.41: Schematic of light-assisted oxygen p-doping in polymers (a). Illustration of the
potential role of light in the doping activation leading to the transition of an electron from the
HOMO to the LUMO of polymer followed by the transition to the anti-bonding state of the
complex (b).

112

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

3.4. How to explain the effective p-doping?

With an acceptor level situated several thousands of meV above the polymer HOMO,
light might also play a role in the doping of PBDTTT-c¢ with Mo(tfd-COCF3). As shown
in Figure 3.41 (b), we can consider that the photo-excited electron is trapped in the anti-
bonding level of the complex. This phenomenon is suggested by dynamic fluorescence
quenching determined in this chapter. If the decay time 7 from the anti-bonding state to
the polymer HOMO is long, the generated hole can lead to relatively stable PBDTTT-c p-
doping. In Figure 3.42, we show the current evolution of a simple gold/doped PBDTTT-c
(MR=5%)/gold sample over time in the dark and under ambient illumination. The device
has been encapsulated in the glovebox to avoid the potential effect of oxygen. The current
exhibits a constant and slow decrease over 60 hours of storage in the dark. An increase
of the current can be observed when the sample is exposed to ambient illumination.
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<
5 2.0x10° s
5
O
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1.6x10° /\ L
0 20 40 60 80
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Figure 3.42: Current density at 2 V versus time in the dark for 60 hours followed by 10 hours
under ambient illumination.

This preliminary experiment suggests that light could be involved in the doping of
Mo(tfd-COCF3) in PBDTTT-c. A longer monitoring of the device when stored in the
dark needs to be carried out to follow the complete decrease and the potential saturation of
the current. If light enables PBDTTT-c p-doping, we expect to reach a current close to the
pure sample, as we will be limited by thermal activation. Further experiments need also to
be done under controlled illumination to determine the dynamic of the doping activation.
It would be interesting to reproduce this experiment with varying wavelengths. If the
photon energy is lower than the polymer bandgap, the transition illustrated in Figure
3.41 (b) is not allowed. However we can expect a direct transition from the polymer
HOMO to the anti-bonding state of the complex. Therefore, by illuminating the device
with a photon energy lower than the activation energy of the trap associated with the anti-
bonding state (430-480 meV), the device behavior should be similar to the dark storage
condition.
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3.5 Summary and outlook

In this Chapter we aimed at determining which mechanism is involved in PBDTTT-c
p-doping with Mo(tfd-COCF}3) in order to deepen our understanding of the limitations
observed in organic semiconductor doping. Due to poor doping efficiency, the concen-
tration required to achieve significant electrical performance improvement is of the order
of a few percent in molar ratio for molecular doping. As the need for high doping con-
centrations leads to the degradation of transport properties, further work is required to
understand the limits of this process and give clues for dopant design improvement.

As a first step, we carried out UV-visible absorption spectroscopy measurements on
pure and doped PBDTTT-c with 8 doping concentrations highlighting the formation of
sub-bandgap absorption peaks with doping. Diffusion and ionized dopant have been ruled
out as potential origin for these peaks. Polarons and the formation of a Charge Transfer
Complex (CTC) between the polymer HOMO and the dopant LUMO remained to be
considered. The energy levels of the potential CTC have been calculated considering a
Hiickel-like model suggesting an anti-bonding level situated approximately 470 meV above
the polymer HOMO if we consider a dopant electron affinity of 5.3 eV. Further work is
required to verify the position of the dopant LUMO and validate our CTC assumption.

To distinguish between polarons and CTC, we used photoluminescence spectroscopy
showing the fluorescence quenching upon dopant addition. The fluorescence intensity and
excited state lifetime evolutions with doping highlighted the involvement of both dynamic
and static quenching. This observation strengthened the hypothesis of CTC formation.

Finally, we carried out admittance spectroscopy measurements on pure and doped
polymer in order to probe the anti-bonding state of the CTC and strengthen our hy-
pothesis. With doping, the formation of a trap state in the bandgap has been identified.
The activation energy of the trap obtained from variable temperature measurements is
consistent with the UV-visible absorption spectroscopy results. The Density of States
profile has been reconstructed from the capacitance measurements showing Gaussian-like
distributions, consistent with the Gaussian absorption peaks observed in the sub-bandgap
regime.

The combination of optical and electrical characterization techniques suggests that
the formation of a Charge Transfer Complex is involved in Mo(tfd-COCF3) p-doping
of PBDTTT-c. This hypothesis could be further verified by using a different molecular
dopant, like F,TCNQ, and comparing UV-visible absorption spectroscopy and admittance
spectroscopy measurements.

Considering a CTC process, the limited efficiency of p-doping might be explained by
the significant energy required for the transfer of the electron from the polymer HOMO
to the anti-bonding state of the complex. In order to improve the p-doping ability of
the dopant, the gap of the CTC must be reduced. This can be achieved by reducing
the intermolecular electronic coupling described by the resonance integral 5. However,
further work needs to be carried out to understand how an acceptor state situated several
hundreds of meV above the HOMO can lead to hole densities as high as 10*® em ™3 for
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dopant molar concentrations of 5%.

In the previous Chapter we have demonstrated that Mo(tfd-COCFj3) effectively p-
dopes PBDTTT-c. We also carried out further experiments to improve our understanding
of the mechanisms involved in the doping process. In the following Chapter we will
integrate this doped layer in a complete device, an organic photodetector. The doped
layer will replace the common HTL PEDOT:PSS and provide good ohmic contact between
the blend and the anode electrode.
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with amorphous silicon-made devices and can be fully processed using printing

techniques on transparent and flexible substrates [220, 221, 222]. The OPD
active layer is typically made of a thick (ca. 500 nm) blend layer composed of a donor
(polymer) and an acceptor (fullerene) material [221]. To selectively extract one type of
carriers and block the other type on each electrode, different inter-layers are engineered.
To extract electrons and block holes, PEIE coated ITO [135] and ITO covered with a
zinc oxide layer [223] are widely used cathodes. The anode is mostly made of solution
processable PEDOT:PSS [224]. Its high work function around 4.8-5 ¢V enables a good
energy alignment with the blend HOMO and its wide band gap is convenient for electron
blocking. As degenerate p-type semiconductor, PEDOT:PSS benefits from a high con-
ductivity (ca. 500 S/cm) [225] leading to its use as transparent conducting tracks. Figure
4.1 depicts the typical layers in the OPD stack.

‘-\ ‘ owadays, organic photodetectors (OPDs) show good performances competing

INTERLAYER ANODE

CATHODE
———— | INTERLAYER

Figure 4.1: Schematic of the OPD band diagram showing the active layer surrounded by the
anode and cathode. Interlayers are used to enable selective carrier injection and blocking.

However, as aging becomes the main issue of organic devices to allow their large
scale industrialization [226, 223, 20], PEDOT:PSS has been identified as responsible for
several degradation mechanisms in organic photodetectors and solar cells. PEDOT:PSS
was originally used as HTL in standard structures where it is deposited on ITO. It has
been observed that the acidic property of PSS groups leads to I'TO degradation and
indium migration in the PEDOT:PSS layer [227]. This issue was solved by reversing the
structure with the deposition of PEDOT:PSS as top electrode [228]. But PEDOT:PSS is
also known to be sensitive to humidity, oxygen and UV. When exposed to humidity the
PEDOT:PSS layer swells leading to OPD series resistance increase by making the interface
layer insulating and by forming interfacial voids [37]. The exposure of PEDOT:PSS to
oxygen causes phase segregation in the HTL between PEDOT and PSS components and
the sheet resistance of PEDOT:PSS is increased when exposed to UV [38, 39].
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Attempts to remove PEDOT:PSS from the organic devices structure has already been
suggested by Ramuz et al. [40]. Although its removal enhances ageing performances of
the device, when no HTL is proposed as replacement for PEDOT:PSS, the dark current
density is highly impacted since no electron blocking layer is introduced. This evolution
might not be detrimental for organic solar cells, but low dark current density over a wide
bias range is essential for photodetection applications.

One solution to properly replace the PEDOT:PSS layer consists in doping the donor
type semiconductor at the interface. With this technique, the injection barrier is effec-
tively reduced and no constraint is given on the top electrode work function. As the donor
type material electron affinity is lower than the acceptor ionization potential, the electron
blocking property of the HTL can also be maintained. The replacement of PEDOT:PSS
in organic solar cells with a p-doped organic layer deposited by SCTL has been introduced
by An Dai et al. showing similar performances [26]. Another technique consists in spin-
coating a thin layer of dopant on the active layer surface leading to the interface doping
by diffusion [141]. However, the use of diffusion does not enable controlled p-doping of
the active layer. The group of Prof. Bernard Kippelen suggests a post-process immersion
into a phosphomolybdic acid solution leading to good OPV performances and improved
air stability [229].

In this work we propose to replace PEDOT:PSS by a thin p-doped polymer layer in
an OPD and study the evolution of the electrical performances of the devices. After the
analysis of the OPD figures of merit, a deeper study will be made to follow the impact of
the p-doped layer on the OPD performances.

4.1 Experiment

The structures studied in this Chapter are shown in Figure 4.2 (a) with the corresponding
band diagram (b) and in Appendix A as Structure 4. In this study, OPDs using inverted
structure with two different HTLs, PEDOT:PSS and p-doped polymer, are compared.

The diodes are processed on ITO-coated glass substrates. ITO electrodes are pat-
terned using photolithography. In order to reduce the I'TO work-function and enable a
good electron injection in the active layer, a monolayer of Polyethylenimine (PEIE) is
spin-coated on I'TO, annealed at 100°C and rinsed. The 500 nm thick active layer is com-
posed of PBDTTT-c:C60-PCBM with a 1:1.5 ratio in weight and dissolved in chloroben-
zene(CB):trichlorobenzene(TCB) with a 90:10 ratio in volume. TCB is an additive used
to improve the bulk heterojunction morphology. The solution is stirred for 12 hours at
45°C, filtered at 0.2 wm and spin-coated on the ITO/PEIE electrode. The resulting layer
is annealed at 115°C under nitrogen for 15 minutes. The hole transport layer is then
deposited on the active layer. Two different HTLs are studied, PEDOT:PSS and p-doped
PBDTTT-c, and their respective processing will be detailed below. The active and HTL
layers are then removed from the contacts. Since the HTL is deposited as a full layer,
a patterned top electrode is required to define the active area of the diode. A 100 nm
thick aluminum top electrode is then evaporated through a shadow mask in a vacuum
chamber for both types of devices. Although the top electrode is not processed in solution
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Figure 4.2: Stack of the OPD layers (a) and energy level diagram of the different components
(b). The blue dotted line illustrates the Fermi level shift toward the polymer HOMO. (Structure
4)

in this study, we can imagine for further works to use new high conductive inks as top
electrode like silver nanoparticles or graphene [230, 231]. To limit the impact of oxygen
and humidity on the OPDs performances, the devices are encapsulated with glass in the
glovebox using an epoxy glue. The successive steps are summarized in Figure 4.3.

(a) (b) ku HJ) (c) k&” UJ)
() (o)

Figure 4.3: Schematic of the successive OPD processing steps: ITO-coated glass substrate (a),
ITO patterning by photolithography (b), PEIE spin-coating (c), active layer spin-coating and
wiping (d), HTL lamination and wiping (e), aluminum evaporation (f) and encapsulation (g).
Picture of the final OPD device (h).

The first type of device is processed with PEDOT:PSS as HTL. As Soft Contact
Transfer Lamination (SCTL) will be used for p-doped PBDTTT-c deposition, we chose
to laminate PEDOT:PSS on the active layer as well and ensure good comparison of the
electrical characteristics between both diodes. To laminate PEDOT:PSS on the active
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layer we followed the processing technique described by Gupta et al. [232] and illustrated
Figure 4.4. PEDOT:PSS is filtered at 0.45 um and spin-coated on an Oy plasma treated
PDMS stamp. The plasma treatment is required to change the surface tension of the
stamp from hydrophobic to hydrophilic. The PEDOT:PSS layer is then left in air for 20
minutes for drying before bringing into contact the PEDOT:PSS coated PDMS with the
active layer. The full stack is annealed at 85°C for 5 minutes to change back the surface
tension of the PDMS stamp to hydrophobic. After cooling down the substrate at ambient
temperature the PDMS stamp is carefully removed. A special care needs to be taken
in the PEDOT:PSS wiping on the contacts. As we will see in this chapter, the diode
surface area is determined by the superposition of the ITO and PEDOT:PSS electrodes.
Therefore, the wiping of PEDOT:PSS determines the surface area. To take into account
the surface variations between samples, the active area will be properly measured and the
current density will be calculated.

(@) 02 plasma (b) L
treatment

Vi Ay A

\i\ Annealing g/‘

]

Figure 4.4: Schematic of PEDOT:PSS lamination on PBDTTT-c:C60-PCBM active layer: Os
plasma treatment on PDMS (a), PEDOT:PSS spin-coating on PDMS stamp (b), PEDOT:PSS
drying in air (c¢), PEDOT:PSS and active layer brought into contact and annealed (d), PDMS
stamp removal (e).

To compare the PEDOT:PSS HTL with a p-doped polymer we chose the molybdenum
complex Mo(tfd-COCF3); studied in Chapters 2 and 3 as dopant. A thin layer (45 +
10 nm) of PBDTTT-c:Mo(tfd-COCF}3)s3 is then deposited on top of the active layer. As
direct spin-coating of this solution would lead to the dissolution of the active layer, SCTL
is used to deposit the HTL. The SCTL technique for doped layers has been described
in Chapter 2. Contrary to PEDOT:PSS lamination, the doped layer is spin-coated on
a silicon wafer prior to its lamination on a PDMS stamp. With regard to the study of
the doping concentration impact on hole injection barrier presented in Chapter 2 (Figure
2.7 (a)) a molar concentration of 5% is chosen. This concentration ensures a good ohmic
contact for holes between the top electrode and the active layer. The references and
suppliers information of all the materials used for processing are summarized in Appendix

C.
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The only varying parameters between both structures studied in this chapter are the
nature of the HTL material and its thickness. The band diagram with the energy levels of
each layer is shown in Figure 4.2 (b). The ITO/PEIE and PEDOT:PSS work functions are
measured by kelvin probe. The PEDOT:PSS work function (equivalent to the ionization
potential for a p-type degenerate semiconductor) has been measured on both laminated
layer surfaces using kelvin probe. The work function of the PEDOT:PSS surface in contact
with the active layer in our OPD has been measured around 4.9 eV. The HOMO level
of PBDTTT-c has been measured by Atmospheric Photoemission Spectroscopy (APS)
at 5.15 eV. The values of PBDTTT-c and PEDOT:PSS electron affinities and aluminum
work function are taken from the literature [162, 233, 170].

4.2 p-doped polymer versus PEDOT:PSS as HTL in OPDs fig-
ures of merit

The goal of this work is to present an alternative to the use of PEDOT:PSS as HTL in
printed organic photodetectors. As a first step we need to find a layer that fulfills the
same role in order to obtain a working diode with similar or better performances. The
electrical characterizations of OPDs with both HTLs will be compared and analyzed.

4.2.1 I(V) characteristics

The main figure of merit for OPDs is current versus voltage I(V) in the dark and under
illumination. The I(V) measurements for a typical OPD is shown in Figure 4.5 in linear
scale (a) and in semi-logarithmic scale (b). Three regimes can be observed:

1. At positive voltage and current: injection regime. OLEDs are used in this
regime to generate light by recombination of holes and electrons.

2. At positive voltage and negative current: photovoltaic regime. Solar cells
operate in this regime leading to a negative power (generated power) when exposed
to light. Three parameters of the solar cell can be extracted in this regime: V¢,
Jsc and FF. The open-circuit voltage Vo is defined as the voltage when photo-
generated and injection currents cancel each other out. The short-circuit current
Jsc represents the maximum current density when no external bias is applied to the
solar cell. From the maximum power generation, Voc and Jgg, we can calculate the

fill factor FF:
Pma:v

FF = ™M -l 4.1
TecVoo [ (4.1)
The fill factor informs about the quality of the solar cell by taking into account the
electrical losses in the device. The closer to 1 it is, the more ideal the diode is.

3. At negative voltage and current: reverse bias regime. In this operating
region, dark and light current densities saturate and remain stable over a wide
range of voltages with the current density proportional to the incident light intensity.
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For OPD application, the dark and light current densities need to be quasi-electric
field independent to allow for small voltage variations around the bias set by the
electronic. The semi-logarithmic scale is useful to observe the field-dependency of
current density and its evolution over several decades with light intensity. One of
the main parameters of photodetectors is the sensitivity S given by the ratio of the
current [ with the light power Pjg;: for a given bias and wavelength:

1
= AW, (4.2)
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Figure 4.5: Current density versus voltage figure of merit in the dark and under illumination
for an organic photodetector in linear scale (a) and semi-logarithmic scale (b). The ITO/PEIE
electrode is grounded and the potential is applied to the aluminum electrode.

In order to compare I(V) characteristics for devices with PEDOT:PSS and p-doped
polymer as HTL we first need to fix the HTL thickness. The thickness of the p-doped
polymer has been set to approximately 45 nm, consistent with the experiments described
in Chapter 2 for injection barrier lowering. To set the PEDOT:PSS thickness, we processed
diodes with PEDOT:PSS layers of 40 £ 10 nm and 180 £+ 10 nm. The J(V) (current
density) characteristics of both devices are shown in Figure 4.6 and compared to the J(V)
characteristics of the diode with 45 nm p-doped polymer. The thickness of PEDOT:PSS
has a significant impact on the J(V) characteristics. An increase of the PEDOT:PSS
thickness decreases the current density in the injection regime probably due to the series
resistance. In the reverse regime, the use of a thicker PEDOT:PSS layer leads to photo-
generated and dark currents decrease. This evolution can also be attributed to a series
resistance increase. A compromise needs to be done between low dark current density
and high sensitivity. As low reverse current density in the dark is a major requirement for
photodetectors, we chose to select the diode with a thicker PEDOT:PSS layer. Moreover,
this device leads to similar injection and photogenerated currents as 45 nm p-doped
PBDTTT-c HTL. We observe in Figure 4.6 similar J(V) characteristics for 180 nm thick
PEDOT:PSS and 45 nm p-doped polymer.

After setting the HTL thickness we can compare the J(V) characteristics in the dark
and under illumination for both structures. To take into account the surface variations
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Figure 4.6: Current density in the dark and under illumination (530 nm, 650 mW/m?) in a
semi-logarithmic scale for diodes with 40 nm (black squares) PEDOT:PSS, 180 nm (red circles)
PEDOT:PSS and 45 nm (black line) p-doped polymer.

between both samples, we chose to plot the current density J. Figure 4.7 (a) exhibits the
J(V) figure of merit in semi-logarithmic scale for the diode with PEDOT:PSS HTL in
red and with p-doped PBDTTT-c in blue. Performances under illumination are similar
for both devices with almost identical light current densities in the reverse bias regime
(—1.1x 107> A/em? with PEDOT:PSS and —1.2 x 10~° A/cm? with p-doped polymer at
-3 V). The injection regime is also similar for both devices reaching current densities of
6.1x107* A/em? and 4.9x107* A/em? for PEDOT:PSS and p-doped polymer respectively.
However, we observe the decrease of the dark current density in the reverse bias regime
when p-doped PBDTTT-c is used as HTL. At -3 V the dark current density is reduced
by one order of magnitude reaching —9.2 x 10719 A/em?. To illustrate the impact of
the HTL on J(V) characteristics, we measured the current density in the dark and under
illumination for a similar structure processed without HTL shown in Figure 4.7 (black
line). We can notice that the removal of the HTL leads to an increase of the dark current
density in the reverse bias regime. This evolution is due to the lack of electron blocking
layer. Since the work-function of aluminum is 4.3 eV and the electron affinity of the active
layer is 3.7 eV, the electron injection barrier is reduced to 0.6 eV. When PEDOT:PSS or
p-doped PBDTTT-c is added between the active layer and the top electrode, the electron
injection barrier is around 1 eV. Moreover, the poor injection regime obtained for the
diode without HTL has also an impact on the photo-generated current between -0.5 and
0 V leading to a low fill factor. This comparison shows that a simple removal or the
PEDOT:PSS layer to improve lifetime is not feasible for OPD application.

The J(V) characteristics under illumination are shown in linear scale in Figure 4.7 (b).
We observe a slight shift of Voc and Js¢ between both devices. The open-circuit voltage
increases from 0.50 V to 0.57 V when PEDOT:PSS is replaced by p-doped PBDTTT-c.
The short-circuit current increases slightly from 6.7 x 1076 A/em? with PEDOT:PSS to
7.6 x 1075 A/cm? with p-doped PBDTTT-c. The fill factor has been calculated around
33% with PEDOT:PSS and 37% with p-doped PBDTTT-c.
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Figure 4.7: Current density in the dark and under illumination (530 nm, 650 mW/m?) for
the diode with PEDOT:PSS (red), p-doped PBDTTT-c (blue) and without HTL (black) in
semi-logarithmic scale (a) and linear scale (b).

We have shown that replacing PEDOT:PSS with appropriate thickness by a p-doped
PBDTTT-c layer leads to similar performances under illumination and decreases the dark
current density in the reverse regime. We also highlighted the impact of the HTL in J(V)
characteristics showing that replacing the PEDOT:PSS layer by a material with similar
properties is required for OPD application.

4.2.2 External Quantum Efficiency

The External Quantum Efficiency (EQE) is the figure of merit used to quantify the effi-
ciency of the diode to create a photo-generated current and its dependency at a specific
voltage. This parameter takes into account optical losses (by reflexion or incomplete
absorption) and carriers recombination. The EQE is defined as the ratio between the
incident photons flow and the collected carriers flow:

hel h
EQE(\) = —-
Q ( ) q]Dlight)\

where ) is the wavelength of the incident light and I, the photo-generated current cal-
culated from dark /4, and light Ij;4, currents:

[ph = [light - Idark' (44)

- (4.3)

The EQE figure of merit for the devices with PEDOT:PSS and p-doped polymer are
shown in Figure 4.8. Both devices show essentially identical EQE characteristics reaching
70% between 400 and 700 nm at -2 V.

4.2.3 Similarities between both HTLs

In order to compare the performances of these diodes with those reported in the literature,
we determine the specific detectivity of the diodes at -2 V and 530 nm. The specific
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Figure 4.8: EQE at -2 V for the devices with PEDOT:PSS (red) and p-doped PBDTTT-c (blue)
as HTL in linear scale.

detectivity D* given in emHz'"/?W =" or Jones allows to quantify the signal to noise ratio
of the photodetector with an active area of 1 em? and an incident light intensity of 1 W
detected at a bandwidth of 1 Hz. This parameter can be calculated from EQE and noise
measurements using the following relation [234]:

QA AEQE

D*
he

(2qu + Nother noise)il/2 (45)
with J; the dark current density and Nyihernoise the power spectra density in A2H z~tem =2
of other noise sources. To properly determine the specific detectivity of photodetectors, we
should take into account the different sources of noise: shot noise from the dark current,
Johnson noise or thermal fluctuations and flicker noise [235]. In most paper, shot noise is
considered as the major contribution for noise while others are neglected [221, 236, 237].
However, taking only the shot noise into account can lead to an underestimation of the
noise current and an overestimation of the specific detectivity which makes difficult the
comparison of different photodetector performances [238].

However, due to the lack of noise measurement setup in the laboratory and the common
assumption that Johnson and flicker noises can be neglected over shot noise, we decided
to determine a first approximation of the specific detectivity by simplifying relation 4.5:

QA AEQE

D*
he

(2qJa) 2. (4.6)
Detectivities of 5.5 x 10" and 1.9 x 10" emHz'/?W ! are obtained for the devices with
PEDOT:PSS and p-doped PBDTTT-c respectively at -2 V and 530 nm. The improve-
ment of the dark current density with the use of p-doped PBDTTT-c as HTL enhances
the specific detectivity by one order of magnitude. Moreover, this value is among the
best detectivities reported in the literature when Johnson and flicker noises are neglected
[234] and competes with those of silicon-made devices with typical detectivities around
10" emH2'2W =" for imaging applications.
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The main parameters extracted from J(V) and EQE measurements for both OPDs are
summarized in Table 4.1.

Table 4.1: Parameters extracted from J(V) and EQE characteristics for the devices with PE-
DOT:PSS and p-doped PBDTTT-c as HTL.

HTL Voc Jsc FF EQE @-2V, S@-2V, D" @-2V, 530 nm
(V)  (AJem?) (%) 640 nm (%) 530 nm (A/W) (cmHz!/2W-1)
PEDOT:PSS 0.50 —6.7x10°% 33 72 0.26 5.5 x 1012
p-doped 0.57 —7.6x10"% 37 73 0.26 1.9 x 10'3

The main goal of this study is to replace PEDOT:PSS by a material leading to
similar or better performances for photodetection. Using usual photodetectors figures
of merit we show that devices with p-doped PBDTTT-¢ as HTL exhibit similar
performances under illumination as with PEDOT:PSS HTL, with the EQE reaching
70% at -2 V. Injection performances are also maintained between both HTLs while
the replacement of PEDOT:PSS by p-doped PBDTTT-c results in the enhancement
of the OPD specific detectivity with a reduction of the dark current density in the
reverse bias regime.

Although we have shown that PEDOT:PSS can be successfully replaced by p-doped
PBDTTT-c in OPD, we need to carry out a deeper analysis on the impact of a laminated
doped polymer on electrical transport at the interface.

4.3 Deeper analysis on the impact of p-doped polymer as HTL

To study the impact of a laminated p-doped polymer layer on the interface electrical
characteristics, further analyses have been carried out. The behavior of the OPD charac-
teristics at different light intensities is studied and a sensitivity scanning method is used
to show a major advantage of p-doped polymer over PEDOT:PSS as HTL.

4.3.1 Photocurrent dependency on light intensity

In the previous section, we studied J(V) characteristics measured at a light intensity of
650 mW/m?2. However, photodetectors need to cover a wide range of light intensities
with comparable performances to ensure photocurrent linearity. In order to evaluate
this ability to respond to the light intensity, the photocurrent is measured for different
light intensities at a given voltage. A power law is used to describe the photocurrent
dependency on light intensity:

Jph = Bighta (47)
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where J,, and Pjgp; are the photocurrent and light intensity respectively. « is close to
unity when all generated carriers are extracted prior to their recombination. A photocur-
rent deviation from linearity with respect to the light intensity is indicative of photo-
generated carrier losses. Two phenomena can lead to this non-linearity:

« Space Charge Limited Photocurrent (SCLP) [239, 240]

« Langevin recombination [241].

The linearity measurements at 0 V for the diodes with PEDOT:PSS and p-doped
PBDTTT-c are shown in Figure 4.9 in a logarithmic scale. A halogen lamp has been used
as source and the light intensity has been varied from 10 to 10 mW/m? (approximately
1 Sun AM1.5) with optical densities. To verify the linearity of the diodes, a linear fit
is added to the graph. We can notice that the photocurrent deviates from linearity for
light intensities above 10* mWW/m? and the deviation is slightly more important with the
p-doped PBDTTT-c as HTL. Although linearity is commonly verified in the reverse bias
regime, electrical transport weaknesses are highlighted when no potential is applied to
the device. We will investigate both possibilities (SCLP and Langevin) to understand the
origin of the linearity deviation for each device.
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Figure 4.9: Linearity measurements of the photocurrent with respect to the light intensity for
the diodes with PEDOT:PSS (red) and p-doped PBDTTT-c (blue) as HTL for a bias of 0 V. A
linear fit is added to the graph.

« Space Charge Limited Photocurrent (SCLP)

Space Charge Limited Photocurrent (SCLP) is observed when the extraction of one
type of carriers is less efficient than the other. This phenomenon leads to the creation of
a space charge region in the active layer. This model has been introduced by Goodman
and Rose [242]. Two distinct origins can explain the formation of a space charge region
[243]:
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« Unbalanced mobilities between electrons and holes

« BExtraction barriers.

The OPD processed in this study should not exhibit any extraction barrier since the PEIE-
coated I'TO work-function is higher than the blend electron affinity and an ohmic contact
is provided by the PEDOT:PSS or p-doped layer on the anode side (see Figure 4.2 (b)).
In the PBDTTT-c:Cgo-PCBM blend heterojunction, the electron and hole mobilities have
been measured by CELIV (Charge Extraction in a Linearly Increasing Voltage) around
6 x 107* em?s7 V"t and 1 x 1073 em?s™ 'V ~! respectively [200]. Although mobilities of
holes and electrons are almost equivalent we cannot put aside this hypothesis.

In order to determine whether the deviation from linearity is caused by SCLP, we need
to derive the photocurrent dependency on light intensity. For V' < V¢, the photocurrent
is mainly driven by the electric field and diffusion current can be neglected. The hole and
electron current densities Jy,ipc/n are then described by the following relations:

Jariten = qppnE (4.8)

Jdrift,e = aneE (49)

where p and n are the hole and electron densities, p, and p. the hole and electron
mobilities, E the electric field in the active layer and ¢ the elementary charge. If the
metal /semiconductor contacts are considered ohmic, SCLP can be caused by an unbal-
anced mean free path L between holes and electrons with one of them being lower than
the active layer thickness w. The mean free path for electrons and holes is given by the
following relation:

Le/h = ,ue/hTe/hE (410)

where 7, and 73, are the electron and hole lifetimes. Since the hole mobility is slightly lower
than the electron mobility in the active layer studied, we consider L;, < L. and assume
Lp < w. The mean free path in organic semiconductors usually ranges from 0.1 nm to
10 nm [244, 245]. Therefore, with an active layer of 500 nm, the assumption L, < w is
reliable.

If the holes present a lower mobility than the electrons they will accumulate at the
anode interface as their mean free path is reduced compared to electrons (Figure 4.10
(a)). In order to keep an equilibrium between electron and hole flows and satisfy Poisson’s
equation, the potential distribution in the active layer is modified. With the formation
of a band bending on the anode side, the extraction of holes is facilitated with a higher
electric field. On the cathode side, the electric field is reduced decreasing the electron
collection. A space charge region is then created as shown in Figure 4.10 (b) with an
inhomogeneous electric field in the active layer. The space charge region extends along
the length L, with a voltage drop V.

Taking into account this hypothesis, it is possible to derive the equation of the pho-
tocurrent with respect to the voltage drop in the active layer as described by Mihailetchi
et al. [240]. The length L; of the space charge region is given by equation 4.10 for holes
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Figure 4.10: Schematic of the band diagram showing the hole accumulation at the anode due
to unbalanced mobilities (a) and the space charge formation to satisfy Poisson’s equation (b).

and the electric field F; is defined by:

"
Ly

with Vi the voltage drop in the space charge region. We can consider that the voltage

drop is entirely situated in the space charge region and V; can be replaced by the total

voltage drop V. By combining Equations 4.10 and 4.11 the length of the space charge
region L; can be determined with respect to the voltage drop V in the active layer:

L1 = \/,uhThV. (412)

The photocurrent generated in the active layer is proportional to the electron-hole gener-
ation rate GG in the active layer:

E (4.11)

We can consider that most of the photocurrent is generated in the space charge region
as the electric field is close to 0 elsewhere leading to a high recombination rate. The
photocurrent is then described by:

Jph = qGLy = qG\/uhTh\/V. (4.14)

Goodman and Rose [242] explain that the space charge region impact is given by the
difference between the effective photocurrent and the maximum photocurrent the active
layer can handle. If the generated photocurrent is small compared to the limitation of the
space charge region, SCLP can be neglected. The Space Charge Limited Current Jscro
when holes are the limiting carriers is given by the following relation [240]:
9 V2
J, = —€o€ Up—= 4.15
SCLC = €0 Hh L3 ( )
where €y and ¢, are the vacuum and relative permittivity respectively. By equating Equa-
tions 4.14 and 4.15, we extract a condition on the length of the space charge region L,
necessary to observe SCLP:

9epe, /4
g = | =220 Y. 4.16
( 34C ) (4.16)
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When the length of the space charge region reaches L,,q., the impact of SCLP cannot be
neglected and the photocurrent is described by the following relation:

1/4
9epe,
Jon = q ( 608661“ ") GV (4.17)

As a result, we have shown that SCLP leads to a non-linear photocurrent dependency
with the generation rate G. In our structure, we can consider that G o< Pgn [240].
This assumption is strengthened by the linear dependency of the photocurrent with the
light intensity at low intensities. To determine whether the non-linearity observed at
high light intensities in our devices are due to SCLP, we added a I Plight?’/ 4 to the
linearity measurements in Figure 4.11 (a). At 0 V bias the photocurrent follows a linear
dependency up to 10* mW/m? and a good fit with I o Plight?’/ % is obtained for the diode
with PEDOT:PSS at higher light intensities.

Regarding these data, it is unclear whether the SCLP can explain the linearity de-
viation for the diode with p-doped PBDTTT-c as photocurrent measurements slightly
deviate from the 3/4 power law. In order to verify this hypothesis, we measured the
photocurrent with respect to the light intensity at V' > 0 V. When the applied bias
gets closer to the open-circuit voltage, the internal electric field is reduced enhancing
the recombination losses. Figure 4.11 (b) and (c) exhibits the linearity measurements
at 0.3 V and 0.5 V respectively. Although SCLP can explain the linearity deviation for
the diode with PEDOT:PSS, the photocurrent for the diode with p-doped PBDTTT-c
deviates from the 3/4 power law at high light intensities and this deviation is emphasized
when the internal electric field is reduced to reach a power law of 0.54 for a bias of 0.5 V.
We need to consider Langevin recombination to explain this behavior.

10° 10*

10°4 (@ = PEDOT:PSS | (b) = PEDOT:PSS ; () = PEDOT:PSS
e p-doped PBDTTT-c 10°4 e p-doped PBDTTT-c L 10°4 ® p-doped PBDTTT-c
10° Linear fit ot —— Linear fit - Linear fit .
10°+ 104 s A
g 10° @ ’ g e
g 107 E 1074 g
5 a6 5 5
g § 10° g
£ 10 g 2
Sy T 00 a
1 |
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10" T T T T T T T 10" T T T T T T T T T T T
10" 10° 10' 10 10° 10* 10° 10° 107 10" 10° 10 10* 10° 10* 10° 10° 107 10° 10° 10 10° 10°

2
P\g, (MW/M?) P (MWIM?) Pign (MW/M?)

Figure 4.11: Linearity measurement of the photocurrent with respect to the light intensity for
the diodes with PEDOT:PSS in red and p-doped PBDTTT-c in blue at 0 V (a), 0.3 V (b) and
0.5V (c). Linear fit and I = Pgp* fit are added to the graphs.

e Langevin or bimolecular recombination

The bimolecular recombination process with the rate given by Langevin theory has
been introduced in organic photodiodes and solar cells by Koster et al. [246]. This
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mechanism induces electrical losses through band-to-band recombination. The Langevin
recombination rate Ry is described by the following relation:

Ry = W ki), 2y (4.18)
with p. and gy, the electron and hole mobilities, € the permittivity (¢ = €.€y), n and p the
electron and hole densities, n; the intrinsic carrier density and ¢ the elementary charge.
As the Langevin recombination rate is proportional to the np product, increasing the
light intensity induces an increase of the recombination rate. A light intensity dependent
recombination rate leads to a photo-current deviation from linearity. With increasing
light intensity, the coefficient @ decreases and, for a 100% bimolecular recombination
efficiency, the coefficient v approaches 0.5 [247]. The Langevin recombination rate needs
to be considered if the carrier mobilities (y, and uy) or the carrier density (np) are high.

At reverse bias condition, the electric field is high in the active layer facilitating the
extraction of generated carriers. When the internal electric field is reduced, the time
required for the carriers to reach the electrodes is increased. As a result, the carrier
densities n and p in the active layer is higher, increasing Langevin recombination rate
Ry, and its dependency in light intensity and leading to the reduction of the coefficient
« [246]. This behavior can explain that the deviation from linearity is emphasized when
the applied bias gets closer to Ve for the sample with doped polymer as HTL. However,
we still need to understand why the photocurrent evolution with light intensity depends
on the HTL material.

The main difference between both HTL material is their conductivity. The hole
conductivity of PEDOT:PSS has been measured using the four point probe method at
425 S/em while the hole conductivity for a 5 % doped PBDTTT-c with Mo(tfd-COCF3);
exhibits a conductivity around 10~* S/cm. Although the difference of 6 orders of mag-
nitude between both conductivities is not detrimental for injection properties as effective
barrier lowering is probably involved at the interface between doped polymer and alu-
minum, it can explain the increase in bimolecular recombination. Indeed, an external
series resistance Rg.,+ induces a voltage drop outside the active layer leading to the re-
duction of the internal electric field [248]. As the electric field is reduced in the active
layer, the probability of bimolecular recombination increases due to higher carrier den-
sities. Street et al. [249] found that an external series resistance equivalent to or above
5 Qcm? reduces significantly the photocurrent density J,.

To evaluate the impact of the HTL material on the photocurrent density, we estimated

the external series resistance due to this layer:
A

Reomt = —— 4.19

S,ext dO’h ( )

with d the HTL thickness, o, the hole conductivity in the HTL and A the effective diode

area. As a first approximation, external series resistance around 5 Qem? and 107 Qem?

are obtained for PEDOT:PSS and p-doped PBDTTT-c HTLs respectively. The high

conductivity of PEDOT:PSS provides a sufficiently low series resistance while the limited

conductivity of p-doped PBDTTT-c involves significant external series resistance. The
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series resistance around 107 Qem? for p-doped PBDTTT-c is 7 orders of magnitude higher
than the threshold value suggested by Street et al. [249]. It is then probable that the
external series resistance caused by the p-doped PBDTTT-c HTL is responsible for the
linearity deviation due to Langevin recombination.

In order to support this hypothesis, we measured the J(V) characteristics for both
diodes with varying light intensities. If an external series resistance is responsible for
the linearity deviation we expect the formation of an S-shape around Vp¢ in the J(V)
characteristics [250, 251]. Figures 4.12 (a) and (b) exhibit the J(V) measurements under
different light intensities for the diodes with PEDOT:PSS and p-doped PBDTTT-c re-
spectively. For light intensities above 10° mW/m? an inflexion appears around Vp¢ for
the diode with p-doped PBDTTT-c while no inflexion is observed with PEDOT:PSS as
HTL. This result is consistent with the previous hypothesis.
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Figure 4.12: Current density under illumination with different intensities from 11 to 8.7 x
108 mW/m? for the device with PEDOT:PSS (a) and p-doped PBDTTT-c (b).

This study of the light intensity impact on the OPD performances highlights the need
to improve the p-doped layer conductivity. As it has been mentioned in the previous
chapters, the increase in conductivity with the doping concentration in organic semi-
conductors is probably limited by the low doping efficiency. Enhancing the doping
efficiency is necessary to reduce the doping concentration required for injection but
will also improve the conductivity of the polymer leading to appropriate external
series resistances for detection or solar applications.

4.3.2 Active area localization induced by p-doped polymer

To carry out this study on the PEDOT:PSS replacement by p-doped PBDTTT-c, we had
to use Soft Contact Transfer Lamination to deposit the HTL. To make sure that this new
deposition technique does not introduce inhomogeneities on the active area, we need to
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map the sensitivity of the OPD. This analysis was done using a 150 um diameter spot
light with a 530 nm LED from Thorlab. The spot light scans the surface on a 4X4 mm
area with a pitch of 0.2 mm. For each position of the spot light, the current density
is measured and the sensitivity of the diode is calculated using Equation 4.2. The light
power is measured with a calibrated photodiode. This characterization technique is also
useful to properly determine the active surface area for each diode. The effective area is
then taken into account to calculate the current density in the diode.

The 2D sensitivity representations of the OPDs are shown in Figure 4.13 for PE-
DOT:PSS (a) and p-doped PBDTTT-c (b) as HTL. The sensitivity reaches 0.26 A/W
for both devices. Obtaining similar sensitivities is consistent with the light current den-
sity and EQE measurements presented previously. We can also notice that no sensitivity
inhomogeneities are detected on the OPD active area. As a result, we show that SCTL
deposition technique used for PEDOT:PSS and p-doped polymer is not detrimental for
the sensitivity uniformity at a scale of 2 — 4 mm?.

0.00 AW 0.00 AW ()
| 0.06 AW O | 0.06 AW
0.11 AW 0.11 AW
0.17 AW 0.17 AW
0.22 AW 0.22 AW
028w H 028 aw

Figure 4.13: Sensitivity map at 530 nm with a light power of 16.7 mW/m? for the device
with PEDOT:PSS (a) and p-doped PBDTTT-c (b). OPD top view representation with the
electrodes, the blend and the HTL (c).

The sensitivity scanning highlights a strong difference between both diodes. The device
processed with p-doped PBDTTT-c as HTL displays a sensitivity only on the diode area
defined by the overlay of patterned I'TO and aluminum electrodes. On the other hand,
the use of PEDOT:PSS as HTL leads to a wider active area since this HTL can act as an
electrode. As a consequence, the effective area is defined by the superposition of patterned
ITO and PEDOT:PSS which is deposited as a full layer. To help visualizing the different
layers of the OPD on the sensitivity map, we add a top view representation showing the
electrodes, the blend and the HTL in Figure 4.13 (c).

These different behaviors are presumably due to the 6 orders of magnitude difference
between the conductivities of both HTL materials. The doped polymer is used to lower
the effective barrier for holes between the blend HOMO and the aluminum work-function.
However, its conductivity around 10~* S/cm is insufficient to transport the extracted holes
laterally over a few millimeters to be collected by the aluminum. This limitation induces
the definition of the active area by the superposition of the two electrodes. On the other
hand, PEDOT:PSS exhibits a conductivity measured at 425 S/cm, sufficiently high to act
as a conducting track and is widely used in printed electronics as a transparent electrode.
The extracted holes can diffuse laterally before being collected by the aluminum electrode.
The effective area when PEDOT:PSS is used as HTL is then given by the superposition
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of ITO and PEDOT:PSS.

This sensitivity map characterization was important to make sure that SCTL de-
position technique does not introduce inhomogeneities. But most importantly, it
highlights a significant advantage of p-doped layers over PEDOT:PSS as HTL. When
the latter is used it needs to be patterned to avoid the extension of the OPD active
area. If we replace this HTL by a doped polymer, its localization is not necessary
as it allows charge injection and extraction only through effective barrier lowering
at the active layer/electrode interface. The top electrode chosen with no constraint
on its workfunction is then patterned on the p-doped polymer HTL and defines the
OPD effective area with the bottom electrode.

4.4 Preliminary ageing studies on OPDs with p-doped PBDTTT-
c as HTL

The need to replace PEDOT:PSS in organic photodetectors and solar cells is related
to its impact on the device stability. As PEDOT:PSS is sensitive to humidity, oxygen
and UV, we suggested its replacement by a p-doped polymer layer. Ageing studies are
required to check the device enhancement regarding those three external parameters but it
is also necessary to take into account the limiting factor when small molecules are locally
introduced in a structure: diffusion. Diffusion is indeed one of the main problem related to
organic semiconductor doping and can be driven by temperature and electric field. It has
been shown that F,TCNQ diffuses in organic semiconductors like P3HT, 4,4’ 4”-tris(N,N-
diphenyl-amino)triphenylamine (TDATA) or 4,4’-bis(N-carbazolyl)biphenyl (CBP) [110,
252]. The p-dopant Mo(tfd-COCF3)3, a derivative of Mo(tfd)s, has been synthesized by
the group of Prof. Seth Marder to improve doping efficiency [114, 115] and is less prone
to diffusion with its 3D structure. As a result we expect limited diffusion induced by
temperature in our OPD structure.

Although a complete ageing study was not carried out during this thesis, preparatory
experiments were used to give clues on the ageing behavior of the OPD with p-doped
PBDTTT-c as HTL. In this report, we present the reduced humidity impact on the
OPD without PEDOT:PSS and introduce temperature ageing results showing good device
stability. As those results are not sufficient to conclude on the temperature instability of
OPD with p-doped layers, a detailed experimental design is presented for future works.

4.4.1 Reduced humidity impact on series resistance

Humidity is the main external parameter influencing PEDOT:PSS related device degra-
dation [37, 38]. To make sure that the replacement of PEDOT:PSS by a p-doped polymer
reduces the impact of humidity on the device stability, we carried out a short ageing study
on both devices in humid atmosphere.
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The diodes with PEDOT:PSS and p-doped PBDTTT-c as HTL are stored in the dark
in a climate chamber where relative humidity (RH) and temperature can be tuned. As
the diodes are encapsulated to avoid the fast degradation of the top aluminum electrode
with oxygen, strong ageing conditions are used to accelerate the water diffusion in the
devices. The humidity was set at 80% RH while the temperature was kept at 25°C to
avoid potential dopant diffusion issues. No bias is applied to the diodes during the ageing
and I(V) measurements are carried out in the dark and under illumination regularly for

286 hours.

Figure 4.14 exhibits dark (a) and light (b) J(V) measurements for the diode with
PEDOT:PSS as HTL over time. The dark and light current densities remain stable in
the reverse bias regime while the injection current is reduced by a factor two after 286
hours at 80% RH and 25°C. The linear scale used in Figure 4.15 emphasizes the injection
current decrease with time exposure to humidity. This evolution is consistent with the
series resistance increase expected for PEDOT:PSS when exposed to humidity.
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Figure 4.14: Current density in the dark (a) and under illumination (530 nm, 650 mW/m?)
(b) over time when stored in the dark at 25°C and 80% RH for the diode with PEDOT:PSS as

HTL.

In contrast to PEDOT:PSS, the use of p-doped PBDTTT-c as HTL does not induce
degradations of the injection current as shown in Figure 4.16 (a) and (b). This obser-
vation strengthens the hypothesis of series resistance increase due to absorbed water in
PEDOT:PSS and highlights the responsibility of PEDOT:PSS in OPD and OPV degra-
dation due to humidity. After 286 hours of storage in a strong humid atmosphere of 80%
RH, no changes in the J(V) characteristics can be observed for the diode with p-doped

PBDTTT-c as HTL.

The 286 hours of storage in the dark at 80% RH and 25°C emphasizes the impact of
PEDOT:PSS sensitivity to humidity on OPD characteristics and highlights the stability
enhancement by replacing this layer with a p-doped polymer. A longer ageing study
would be necessary to confirm this trend and make sure that the p-doped polymer is not
impacted by humidity at a slower rate. This experiment could be accelerated by removing
the encapsulation of the diode. However, to enable the encapsulation removal, the use of
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Figure 4.15: Current density under illumination (530 nm, 650 mW/m?) over time in linear
scale when stored in the dark at 25°C and 80% RH for the diode with PEDOT:PSS.
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Figure 4.16: Current density in the dark (a) and under illumination (530 nm, 650 mW/m?) (b)
over time when stored in the dark at 25°C and 80% RH for the diode with p-doped PBDTTT-c
as HTL.

a top electrode that is not sensitive to oxygen and water, like gold, is required.

4.4.2 Thermal ageing with p-doped polymer as HTL

As temperature is expected to be the limiting factor for the stability of devices contain-
ing localized dopants, a thermal ageing study needs to be carried out on those devices.
We present preliminary results about the impact of temperature on the OPD with p-
doped PBDTTT-c as HTL. This experiment will give clues about the OPD behavior with
temperature and will help designing a proper ageing study.

An Dai has shown that the p-dopant Mo(tfd-COCF3)3 diffuses in a 100 nm pure PB-
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DTTT-c layer at 70°C within one hour and diffusion starts to be effective at 50°C [25].
Further experiments on p-doped P3SHT suggest a lower diffusivity of dopants in a bulk het-
erojunction due to the reduction of diffusion paths. A temperature of 50°C is then chosen
for a thermal ageing of one week on the OPD containing p-doped PBDTTT-c as HTL. A
heating resistance is used to maintain the diode at a constant temperature. To follow the
impact of temperature on OPD characteristics, the device has been characterized before
and after ageing.

Figure 4.17 (a) exhibits the J(V) characteristics of the OPD before and after thermal
ageing. If diffusion of dopant occurs from the doped layer to the blend, we expect a
degradation of the injection regime. However, after one week of storage at 50°C, the
injection regime is not degraded. A slight decrease of the dark current density in the
reverse bias regime can be observed. The origin of this enhancement remains to be
understood. If we consider that the holes and electron energy barriers remain unchanged
in the reverse bias regime, a decrease of the dark current density can be explained by a
lower density of traps. A long exposure at 50°C can lead to a rearrangement of the active
layer reducing the SRH (Shockley Read Hall) recombination and generation.

The EQE spectra measured at 0, -2 and -5 V before and after thermal ageing are
shown in Figure 4.17 (b). The stability of EQE levels obtained before and after thermal
ageing are consistent with the unchanged light current density in the reverse bias regime.
A small change in the shape can be noticed with slightly lower values around 650 nm.
This tendency needs to be confirmed with longer studies.

@ (b) Before ageing:

1024 L —a—0V
S | 0.8 —e—2v |
£ w0 DY
< 10°4 - After ageing:
= -6 O 06 ov I
g 107 “1 r ‘u:l’ —— -2V
3 7| ! L o —A—5V
= 10 B ,“ Before ageing: wo4
g q0° T e Dark |
S RRREE RGN .

o . Y Light 0.2 L

1071 1" After ageing: [ ’

10%°4 : ffffff Dark L
10-11 T T T T T T T ILIghtl OO | T T T T T T |
6 5 4 3 -2 -1 0 1 2 3 4 300 400 500 600 700 800 900 1000
Voltage (V) Wavelength (nm)

Figure 4.17: Current density in the dark and under illumination (530 nm, 650 mW/m?) (a)
and EQE at 0, -2 and -5 V (b) for the diode with p-doped PBDTTT-c as HTL before and after
one week at 50°C in the dark.

From this short preliminary ageing study, we show that the OPD with p-doped PB-
DTTT-c does not suffer from dopant diffusion in the active layer within one week at
50°C. To confirm that Mo(tfd-COCF3); is less prone to diffusion than the usual p-dopant
FA4TCNQ), longer studies need to be carried out at 50°C and higher temperatures. Parallel
experiments can be made with F4/TCNQ as comparison. With its planar structure, we
expect the diffusivity of F,TCNQ to be higher than Mo(tfd-COCF}j)s.
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4.4.3 Establishment of a detailed experimental design for future works

In this thesis we propose an alternative HTL for PEDOT:PSS with the aim of improving
the OPD stability with regard to humidity, oxygen and UV. However, introducing small
molecules in a complex structure can lead to diffusion issues accelerated with temperature.
The preliminary tests previously presented might indicate a good thermal stability of the
OPD composed of Mo(tfd-COCF3)3 doped PBDTTT-c as HTL. To validate this result and
deepen the study on the impact of dopant diffusion on OPD characteristics, we suggest
an experimental design for thermal ageing.

During the last part of the thesis, an ageing bench developed by P. Lienhard [200]
has been adapted to carry out thermal ageing. I(V) measurements can be made in the
dark and under white light illumination over time with a permanent stress applied to the
device (bias or illumination). The experimental setup is placed in a glovebox to control
the environment in nitrogen or dry air [200]. A heating resistance has been added to
the set-up. A PID controller is used to tune the temperature and a thermocouple is
placed between the top electrode and the encapsulation of a similar structure to the one
studied to reach the desired temperature. The thermocouple can also be used to follow
the temperature variations in the diode over time during the ageing experiment.

This experimental set-up can be used to continue the thermal ageing study on OPDs
containing a doped layer. The goal of this study is to determine the diffusivity of Mo(tfd-
COCF3)3 in the active layer and its impact on the device characteristics. I(V) charac-
terization over time at 50°C, 75°C and 100°C can be carried out in order to evaluate the
ability of Mo(tfd-COCF3);3 to diffuse. A complete electrical characterization (capacitance,
linearity, ideality factor) can be made before and after ageing to understand the impact
of the evolved doping profile on the OPD figures of merit. A similar study can be carried
out on OPD with F4/TCNQ doped PBDTTT-c as HTL in order to confirm the improved
thermal stability of Mo(tfd-COCF3);3 over F,TCNQ.

At a given temperature, chosen to induce diffusion for both dopants, the impact of
bias stress can also be studied. If the dopants form negative ions by accepting an electron
from the polymer HOMO level, they should be influenced by the electric field in the device
causing their diffusion toward the positive electrode. When the OPD is used for imaging
or sensing applications, a constant voltage is applied to the device (typically -2 or -5 V).
The stability of the dopant under constant electric field is then required.

In the reverse bias regime, the bottom electrode in ITO/PEIE is connected to the
ground while a negative bias is applied to the top electrode in aluminum. As shown in
Figure 4.18, we expect the potential anions formed by activated dopants to be attracted
toward the bottom electrode. This phenomenon would accelerate the dopant diffusion in
the active layer.

I(V) characterization over time can be reproduced with the addition of a constant bias
stress at -2 and -5 V. The ageing kinetic can be compared to the one without bias stress. If
anions are formed with doping we expect an accelerated diffusion in the device. However,
if a charge transfer complex is formed between the polymer and the dopant creating a
strong coupling between both components as suggested in Chapter 3, it is unlikely that
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ITO/PEIE Active layer HTL Al

V<0

Figure 4.18: Schematic of the OPD cross-section showing the potential diffusion of dopant
anions in the active layer under reverse bias condition.

diffusion happens and its kinetic should not be electric field dependent.

Afer having introduced results indicating a better stability of the OPD stored in hu-
midity when PEDOT:PSS is replaced by p-doped PBDTTT-c, we carried out a first
experiment to study the influence of thermal ageing on dopant diffusion. Prelimi-
nary results are encouraging with no diffusion at 50°C for one week. To complete
this thermal ageing study, a detailed experimental design is proposed. It will help
assessing the ability of Mo(tfd-COCF3); to diffuse in the active layer as compared
with F4,TCNQ. The use of bias stress might also strengthen the hypothesis of charge
transfer complex formation highlighting one of its advantages: a reduced dopant
diffusion.

4.5 Summary and outlook

In this chapter the Mo(tfd-COCF3)3 doped PBDTTT-c has been integrated in an OPD
to replace PEDOT:PSS. It has been demonstrated in the literature that the widely used
HTL material PEDOT:PSS plays a role in the relatively poor stability of the devices in the
presence of humidity. The goal of this study is to propose an alternative to PEDOT:PSS
leading to similar or better performances of the OPD.

OPDs with PEDOT:PSS and p-doped PBDTTT-c are fabricated using Soft Contact
Transfer Lamination for the HTL deposition. The J(V) and EQE figures of merit are
presented showing similar performances for both diodes with EQEs reaching 70% at -2 V.
The use of p-doped PBDTTT-c leads to improved detectivity due to a slight decrease
of the dark current density in the reverse bias regime. The detectivity calculated at
1.9 x 10" emHz'2W =" for the OPD containing the p-doped polymer layer is among the
best values reported in the literature and competes with silicon-made counterpart showing
typical detectivities around 10" emH z'/2W ! for imaging applications.

To deepen our understanding of the impact of PEDOT:PSS replacement by a p-doped
polymer layer on the OPD behavior, further analyses have been carried out. We have
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highlighted the nonlinear evolution of the photocurrent at high light intensities. This
issue has been attributed to the significant series resistance of the p-doped polymer com-
pared to PEDOT:PSS leading to Langevin recombination. This study emphasizes the
need to improve the doping efficiency in organic semiconductors in order to reach higher
conductivities.

The use of a characterization technique enabling a sensitivity mapping on the diode
has highlighted an advantage of p-doped PBDTTT-c over PEDOT:PSS as HTL when a
top electrode is used. With the use of p-doped polymer, no localization step is required for
the HTL as the active area of the diode is determined by the bottom and top electrodes.
This difference with PEDOT:PSS has been attributed to the 5 orders of magnitude lower
conductivity. The HTL property is enabled by the effective barrier lowering at the inter-
face with the top electrode. However, as the nonlinear behavior of the diode requires the
improvement of the doped layer conductivity, HTL patterning might become necessary.

Finally, preliminary ageing studies have been carried out on the OPDs. The first
results indicate the improvement of the OPD stability in humid atmosphere. As diffusion
is expected to be the main limiting factor for devices containing dopants, a short thermal
ageing study has been done. The OPD figures of merit show no degradation after a
storage of one week at 50°C. This limited diffusion is attributed to the 3D structure of
Mo(tfd-COCF3)3 and we expect a stronger diffusion for F,TCNQ in a similar structure
and ageing condition. To complete this preliminary test a detailed experimental design is
proposed. A comparison between both types of dopants can be carried out in temperature
completed with bias stress to determine the electric field impact on diffusion.

To conclude, we present a proof of concept for the replacement of PEDOT:PSS in
OPDs by a p-doped polymer layer. We deepen this work by studying the limitations and
improvements of this alternative and present encouraging results regarding the stability
of this new device.

141

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

Impact of unintentional oxygen doping on organic

photodetectors
Chapter contents
5.1 Experiment 145
5.2 Impact of oxygen plasma treatment on OPD performances 146
5.2.1 1V characteristics 146
5.2.2 External Quantum Efficiency (EQE) 147
5.2.3 Capacitance measurements 149
5.2.4 Summary and Hypothesis 153
5.3 p-doping impact on electronic structure of OPD active layer 154
5.3.1 Hole conductivity increase 154
5.3.2 Trap levels determination by admittance spectroscopy 156
5.3.3 Summary 160
5.4 Assumption verification with TCAD simulations 161
5.4.1 Simulation principles and parameters 161
5.4.2 Electrical characterization fitting 162
5.4.3 Band bending explanation 167
5.5 Summary and outlook 173

143

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julie Herrbach-Euvrard, Lille 1, 2017

Chapter 5. Impact of unintentional oxygen doping on organic photodetectors

a standard structure [65] where the holes were collected by the bottom elec-

trode and the electrons by the top electrode. However, this architecture shows
several issues. In standard structures, a top electrode with a low work-function is re-
quired (e.g. aluminum or calcium) which is very sensitive to oxygen and moisture [253,
254]. For example, aluminum is transmored into AlyOs, which is insulating and lowers
the photodector efficiency. Besides, low work-function electrodes are usually evaporated
non-transparent materials, which can be an advantage if we want reflection on the back
electrode but also a drawback when illumination from both sides and full solution process-
ing are desired. Moreover, the hole transport layer PEDOT:PSS used as bottom electrode
is known to degrade ITO [227]. To overcome those issues, the structure has been inverted
and PEDOT:PSS is deposited on top of the active layer [228].

I I \ he first organic photodetectors and solar cells developed were processed with

The main challenge of this inverted structure is the HTL processing. Water-based PE-
DOT:PSS presents the advantage to allow solution processing but is incompatible with
the hydrophobic properties of most organic active layers. When processed in solution,
we indeed observe a dewetting of the PEDOT:PSS on the previous layer. To allow PE-
DOT:PSS deposition by solution processing on organic layers, additives need to be used
with PEDOT:PSS (e.g. Surfynol [225]) or surface treatments need to be carried out on
the active layer to change its surface tension and enable good HTL deposition. Among
those surface treatments, Oy plasma is the most used technique [234, 232]. O, plasma
treatment at low pressure improves the active layer wettability by creating functional
groups at the interface [255, 256].

However, it is widely reported that oxygen is detrimental to organic devices perfor-
mances [20, 257, 219, 258]. Oxygen is known to p-dope organic semiconductors increasing
their conductivity [215] but also to introduce gap states [259, 260, 261, 262]. Oxygen
related degradations are nowadays one of the major issues in aging studies of organic
photodetectors and solar cells [20]. It is then crucial to understand the impact of oxygen
when used as surface treatment on the device initial performances.

The group of Baierl et al. [255] compared inverted structure processed with Oy plasma
treatment with standard structures with and without O plasma treatment. In this study
they show that O, plasma does not lead to performance deterioration of organic solar
cells for usual operating voltages. However, the EQE spectra were not fully analyzed and
the current density in the direct regime could not be directly compared due to different
injection barriers. In the present work, we process the same structure (inverted) with and
without Os plasma treatment, enabling direct evaluation of plasma impact. Moreover,
Wang et al. [35] showed that an unintentional n-doping of the solar cell active layer due
to polyethylenimine (PEI) coated ITO degrades its performances with a change of the
EQE spectra. It is then highly probable that oxygen diffusion in the active layer induced
by O, plasma treatment would alter OPD performances through unintentional p-doping
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of the active layer.

In this chapter we propose a complete study of the O, plasma treatment impact
on OPD performances with a full electrical characterization of the devices and further
analyses are carried out to deepen our understanding on oxygen doping.

5.1 Experiment

The structure of the OPD studied in this chapter is shown in Figure 5.1 and in Appendix
A as Structure 5. In this inverted structure, 110 nm thick ITO coated with a mono-layer
of PEIE is used as Electron Transport Layer (ETL) and 100 nm thick PEDOT:PSS is
used as Hole Transport Layer (HTL). Since PEDOT:PSS is not localized but deposited
as full layer, a top electrode in aluminum is evaporated to define the active surface area
of the diode. The blend of PBDTTT-c:Cg-PCBM is similar to the study carried out in
Chapter 4 with a thickness of 500 nm (Structure 4).

(@)

(b) (c)

33eV

100 nm i Al
1o0nm 4| _ PEDOTPSS

ITO/PEIE 3.7eV

426V PEDOT: |__ Al T
500 PBDTTT-c spmee || 2SS 43ev P”mml””l |

C60-PCBM C60-PCBM

49eV

i I ITO/PEIE 5156V

Figure 5.1: Schematic of the OPD stack processed in this study (a) and band diagram (b)
showing the energy levels of the different layers. Picture of the final OPD device (c). (Structure
5)

To study the impact of O, plasma treatment on the OPD performances we use Soft
Contact Transfer Lamination (SCTL) to deposit PEDOT:PSS on the active layer. This
deposition technique makes the surface treatment optional and enables the study of its
impact using similar structures. The processing steps for PEDOT:PSS lamination are
described in Chapter 4 (Figure 4.4).

Two different devices are studied in this chapter. One device has been processed
without plasma treatment while the active layer of the second device is treated with O,
plasma before PEDOT:PSS lamination. The plasma treatment is carried out for 60s with
a power of 500 W, a pressure of 1100 mTorr and a flow of 200 sccm. We cover the
samples during the plasma treatment with metallic grid, which stops UV-radiations while
maintaining the access of ionic species to the layer surface.

Two substrates containing four diodes each are processed for both processing conditions
to verify the reproducibility. All electrical characteristics shown in this chapter have been
measured on a representative device for each condition.
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5.2 Impact of oxygen plasma treatment on OPD performances

5.2.1 IV characteristics

Figures 5.2 (a) and (b) show J(V) characteristics of devices processed with and without
O, plasma treatment in the dark and under light in semi-logarithmic and linear scales.
The current density has been calculated using the active area measured by mapping the
sensitivity on the diode. The areas obtained are 3.53 mm? for the device without plasma,
treatment and 4.54 mm? for the device with plasma treatment. This difference is due to
the manual wiping of PEDOT:PSS. To avoid influence from the surface variations we plot
the current density with respect to the applied voltage.

We can observe on Figure 5.2 (a) an injection current increase of one order of mag-
nitude at 42 V after Oy plasma treatment. This behavior can be explained either by
a carrier mobility increase in the active layer or a collection energy barrier decrease at
one interface. Figure 5.2 (a) also shows a light current density decrease in the reverse
regime after O, plasma treatment which could be explained by the formation of deep
traps leading to Shockley Read Hall (SRH) recombinations. Using light and dark current
densities measured at -2 V we obtain sensitivities of 0.3 A/W for the device without
plasma treatment and 0.14 A/W after Oy plasma exposure.

The linear scale used on Figure 5.2 (b) highlights the Voc decrease from 0.55 V to
0.4 V when an Oy plasma is used while the built-in voltage Vy,; remains similar for both
devices (0.59 V without and 0.54 V with O, plasma treatment). The built-in voltage Vj;
is determined by the difference between the electrodes work-functions, while the open-
circuit voltage Vpc is highly influenced by the blend quasi-Fermi levels. As Vj; remains
similar after O, plasma treatment, the Voo decrease is more likely due to the blend layer
than the electrodes. This evolution will be further developed in Section 5.4.

The linear scale also highlights the Js¢ decrease, consistent with the light current
density decrease in the reverse bias regime. Finally, the fill factor (FF) increases from
38 % to 59 % after O, plasma exposure. This increase is probably due to the injection
improvement after O, plasma treatment and might be related to the increase in mobility
[263]. All extracted parameters are summarized in table 5.1.

Table 5.1: Parameters extracted from I-V characteristics for the devices with and without O
plasma treatment.

Diode Voc (V) Vi (V) Jsc (A/em?)  FF (%) Sensitivity
@-2V (A/W)
No plasma treatment 0.55 0.59 —5.75x 1076 38 0.3
O plasma treatment 0.4 0.54 —1.64 x 1076 59 0.14

J(V) characteristics measured for similar devices processed with and without O
plasma treatment on the active layer show a decline of the photodetection performances af-
ter plasma treatment with a significant sensitivity decrease. Further analyses are required
to understand the phenomena driving this degradation and the parameters evolution.
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Figure 5.2: Current density in the dark and under illumination (530 nm, 0.3 W/m?) for the
device without plasma treatment in blue and the device exposed to O2 plasma in red in a
semi-logarithmic scale (a) and in linear scale (b).

5.2.2 External Quantum Efficiency (EQE)

As explained in Chapter 4, the External Quantum Efficiency (EQE) determines the ra-
tio between incident photons and extracted charges with respect to the incident photon
wavelength. This figure of merit can also give clues on field dependent behaviors of pho-
todetectors.

Figure 5.3 highlights the EQE decrease at —2 V' due to O, plasma treatment, consistent
with the sensitivity decrease. The EQE spectra exhibit two peaks, one around 440 nm and
the other around 660 nm. The first peak is attributed to the fullerene absorption, while
the second one is mainly due to the polymer absorption. When no Oy plasma is used,
the EQE reaches values of 62 % at 440 nm and 65 % at 660 nm while after Oy plasma
treatment the EQE is reduced to 30 % at 440 nm and 46 % at 660 nm. The change in
the EQE shape after plasma treatment leads to a wavelength dependent decrease of the
EQE (i.e. the peak at 660 nm being less affected than the one at 440 nm).

The EQE spectra evolution suggests a decreasing absorption in the fullerene after O,
plasma treatment. To identify potential chemical modifications in the blend changing
the absorption properties, we carried out UV-visible absorption spectroscopy on a blend
before and after Oy plasma treatment. Figure 5.4 shows that this treatment induces
no significant changes on the absorption spectrum in the visible area. Therefore, the
changes of the EQE with plasma treatment are not due to modifications in the absorption
performances but in the carrier extraction efficiency.

EQE measurements are carried out at different biases (0, -2 and -5 V) for both devices
and represented in Figure 5.5 (a) and (b). An increase of the EQE with the applied bias
is observed for the device without O, plasma and its shape remains independent of the
applied bias, and therefore of the electric field in the layer. The device exposed to O,
plasma exhibits an EQE increase with the applied bias as well, but the electric field has
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Figure 5.3: External Quantum Efficiency (EQE) at -2 V for the device without plasma treatment
in blue and the device exposed to O2 plasma in red.
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Figure 5.4: Absorption spectra for PBDTTT-c:C60-PCBM blend before (blue) and after (red)
an Og plasma treatment of 60s.

an impact on the shape of the EQE. Indeed, the peak around 660 nm undergoes a more
pronounced increase with bias than the peak around 440 nm. Therefore, the shape of the
EQE is similar for both devices when no bias is applied while it is modified by the electric
field for the device processed with O, plasma treatment.

The electric field dependency of the EQE can be explained by charged traps in the gap
leading to band bending at one interface. This hypothesis has already been developed by
J. Wang et al. [35] with the active layer n-type doping induced by PEI used to tune the
work-function of the cathode.
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Figure 5.5: External Quantum Efficiency (EQE) at different biases for the device without plasma
treatment (a) and the device exposed to Oz plasma (b).

5.2.3 Capacitance measurements

The capacitance of the diodes with respect to the applied bias has been measured at 300 K
with and without Oy plasma treatment (Figure 5.6). The increase of the capacitance
peak at low bias with plasma treatment indicates that more carriers are available in the
device. Also, after Oy plasma treatment the geometric capacitance is not reached at -2 V
suggesting that the depletion width is smaller than the active layer thickness. Thus, C(V)
measurements suggest the decrease of the depletion width caused by an increased doping
concentration when O, plasma is used.
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Figure 5.6: Capacitance-Voltage plot for the device without plasma treatment in blue and the

device exposed to Oy plasma in red.

In order to extract the hole density p in the active layer for both devices we use the
Mott-Schottky analysis as explained in section 2.3.2. For an homogeneous doping density
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in the layer, the hole density p can be calculated using the following relation:

p= ——2 [cm_3] (51)

dl L
RS

where ¢ is the elementary charge, ¢, the vacuum permittivity, €, the relative permittivity
of the blend and A the active layer area of the diode. Knowing the area of the diode
from sensitivity mapping and the layer thickness, the relative permittivity of the active
layer can be extracted from C(V) measurements when the whole layer is depleted. This
condition is reached for V<-1 V with the saturation at the geometric capacitance Cje,
for the device without plasma treatment. The geometric capacitance Cy., is defined as

follows:
coer A

t
with ¢ the active layer thickness. Using this relation we obtain a relative permittivity
of 3.6 + 0.1 for the active layer. This value is consistent with the relative permittivities
usually obtained for organic materials [59].

Cgeo - [F] (52)

The hole density for the device without plasma treatment is extracted in the linear
region of the Mott-Schottky plot and is around 10'® em™3 (Figure 5.7 (a)). However,
as it has been developed in Section 2.3.2, Kirchartz et al. have determined that, for a
diode with a Schottky contact and a layer thickness around 300 nm, the Mott-Schottky
technique is not appropriate for hole densities below 4x 10 ¢m =3 [184]. For an active layer
thickness of 500 nm, the density limit would be slightly lower but still around 10 ¢m =3,
Therefore, it is difficult to conclude whether the extracted value at (1.740.1) x 10'% ¢m ™3
is reliable.

The Mott-Schottky plot for the device exposed to Oy plasma in figure 5.7 (b) does not
exhibit a linear regime suggesting that the doping concentration is not homogeneous in the
layer. The hole density has been extracted at different bias ranges of the Mott-Schottky
plot leading to values around (3 — 4) x 10'® ¢m™3. Therefore we can conclude that using
an Oy plasma treatment on the active layer before PEDOT:PSS deposition increases the
hole density by at least one order of magnitude. This observation is consistent with the
formation of charged traps in the band-gap leading to electric field dependent EQE.

For a non-homogeneous doping, the doping profile in the layer can be determined using
the generalized Mott-Schottky law [182]:

(&) .

av g A2ce,p(w)
with

C; = (5.4)
and w the depth of the depletion zone.

Figure 5.8 shows the hole density profile in the active layer of the device exposed
to Og plasma, which has been calculated using relations 5.3 and 5.4. We observe an
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Figure 5.7: Mott-Schottky plots for the device without plasma treatment (a) and the device
exposed to Oy plasma (b).

increase of the hole density p from 2.9 x 10'® ¢m ™3 75 nm above the ITO/PEIE electrode
to 5.4 x 10'® ¢m™ 225 nm above the ITO/PEIE electrode. This analysis highlights a
doping profile with higher values on the top of the active layer close to the PEDOT:PSS
electrode. Since the O, plasma treatment is performed on the top of the active layer
before the deposition of PEDOT:PSS, this observation would be consistent with oxygen
diffusion in the active layer from the top to the bottom leading to a doping density
gradient. Therefore, we can notice that the effect of Oy plasma treatment is not limited
to the surface of the active layer.

8X1016 1 1 1 1 1
:
| |
n
6x10"° 4 . 3
p=54x10°cm® #&
—~ u -— S
@ - -— 2
g " -
S 4x10%° = ol
n
1
. p=2.9x10" cm™
2x107 4 L
ITO/PEIE PEDOT:PSS
T T T T T
0 50 100 150 200 250 300

w (nm)

Figure 5.8: Doping density profile in the active layer for the diode exposed to Os plasma.

In order to analyze the temperature dependency of hole density p, C(V) measurements
are carried out at temperatures ranging from 200 to 300 K. When no plasma treatment is
used the C(V) curve remains constant at the geometric capacitance for the voltage range
analyzed up to 280 K (Figure 5.9 (a)). At higher temperatures the free carrier density
increase leads to the formation of a small peak around V;;. In figure Figures 5.9 (b) we
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can observe the strong temperature impact on the free carrier generation process leading
to the increase of the peak intensity for the device treated with Og plasma.
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Figure 5.9: Capacitance-Voltage plot for the device without plasma treatment (a) and the device
exposed to Oz plasma (b) for temperatures ranging from 200 to 300 K.

We can extract the hole density p using the Mott-Schottky analysis at different tem-
peratures and follow its evolution. When no plasma treatment is used (Figure 5.10 (a)),
the hole density decreases while the temperature increases. However, the opposite evolu-
tion can be observed with plasma treatment. Figures 5.10 (b) shows that p is activated
by temperature and follows an Arrhenius law:

AE,
p X exp (— k:BT> (5.5)

where AFE 4 represents the activation energy of the doping mechanism [181]. An activation
energy of 60 meV is obtained after O, plasma treatment. The two different behaviors
observed indicate that the origin of the free carriers activation are different for both
devices. Although it is not understood why p decreases with temperature without plasma,
its temperature dependence after O, plasma treatment is characteristic of doping with
the formation of acceptor traps above the blend HOMO.
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Figure 5.10: Evolution of in(p) with q/kpT for the device without plasma treatment (a) and
the device exposed to Oz plasma (b).

5.2.4 Summary and Hypothesis

Electrical characterizations on photodetectors processed with and without O, plasma
treatment on the active layer highlight the impact of O plasma on the OPD perfor-
mances. The sensitivity and the External Quantum Efficiency (EQE) of the photode-
tectors are reduced after plasma treatment. This degradation can be explained by
the formation of deep traps leading to exciton recombination. O, plasma also changes
the shape of the EQE probably due to band bending in the active layer caused by
charged traps in the gap. As charged traps are due to doping this hypothesis is
strengthened by the Mott-Schottky analysis revealing an increase in the hole density
by approximately one order of magnitude. Finally, the improvement of the injection
current after Oy plasma treatment can be explained either by an injection barrier
lowering or a carrier mobility increase. The hole density increase can lead to the hole
mobility improvement by trap filling. These analyses are summarized in figure 5.11
(a).

All these observations can be explained by the formation of an acceptor state situated
below the Fermi level in the band-gap. If the state is deep enough, it can lead to
recombination. If the acceptor state is filled, it induces doping and charged states
leading to band bending and electric filled dependent EQE. Finally doping can explain
the injection current increase if it leads to an increase in mobility. A schematic of
this hypothesis is shown in figure 5.11 (b).

O, plasma treatment degrades significantly our photodetector performances. It is
therefore crucial to understand the origin of the degradation in order to prevent such
phenomena and find alternative solutions. Also, the p-doping character of oxygen has
been widely reported in the literature [219, 216, 264]. Hence, we need to determine
whether this p-doping ability of oxygen is responsible for the OPD degradation and what
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Figure 5.11: Summary of the observations made from electrical characterization and their
potential causes (a). Band diagram of the blend with the acceptor level suggested to explain
the observations (b).

deterioration processes are involved. Understanding the effect of oxygen is also essential
regarding the challenge of organic electronics stability in ambient atmosphere usually
leading to oxidation of the active layer. The following sections will be devoted to the
verification of this hypothesis.

5.3 p-doping impact on electronic structure of OPD active layer

In order to validate our hypothesis of acceptor state formation above the HOMO and
deepen our understanding of the impact of oxygen, complementary analyses have been
carried out and will be presented in this section. Conductivity measurements using Trans-
mission Line Method (TLM) will strengthen the p-doping hypothesis and make sure that
the O plasma treatment impact is not limited to the surface. Admittance spectroscopy
performed at temperatures ranging from 200 to 300 K will probe potential trap states in
the band gap and determine their energy level and density.

5.3.1 Hole conductivity increase

In the previous section it has been shown that the OPD processed with O plasma treat-
ment exhibits a hole density increase by approximately one order of magnitude reaching
(3—4)x 10 ¢m=3. A doping concentration increase should induce a conductivity increase
as both quantities are linked by the following relation:

Tp = Py [S.em™1. (5.6)

In this relation o, is the hole density and p the hole concentration. The increase in
conductivity due to oxygen has been widely observed in the literature [217, 265, 215].
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To confirm the p-doping ability of our Oy plasma treatment on the active layer we
used Transmission Line Method (TLM) to follow the evolution of the hole conductivity
with plasma exposure time. A cross-section of the TLM device is shown in Figure 5.12
and in Appendix A as Structure 6. Gold is chosen as the electrode material with its
work-function around 5 eV close the the blend ionization energy of 5.15 eV. The chosen
structure leads to a hole only device with a low contact resistance. We choose to use the
same active layer thickness as in the OPD. This enables us to determine whether the O,
plasma treatment impact is limited to the active layer surface or if the oxygen diffuses
in the full layer. In the TLM device shown in Figure 5.12, the channel height is mostly
limited by the electrodes thickness d. Therefore, a conductivity evolution measured on a
device exposed to Oy plasma will prove that this treatment has an impact on the bulk.

L Lo ||

Active layer 500 nm
d=30 nm t . -

D —

—

L

Figure 5.12: Cross-section of the TLM structure showing the active layer and gold electrodes
thicknesses (Structure 6). The variable channel length L and the surface exposed to the Oq
plasma treatment are also indicated.

The resistance extracted through I(V) measurements for different L/W ratios with W
the channel width and L the channel length are shown in Figure 5.13. Three different
treatment conditions have been analyzed: without Oy plasma treatment, with a 60s treat-
ment and with a 300s treatment. The 60s second treatment is similar to the one used
for the OPD process. A longer plasma exposure time of 300s has been carried out to
illustrate the time dependency of the plasma treatment.

A blend exposed for 60s to the O, plasma exhibits a series resistance decrease by one
order of magnitude. Increasing the exposure time to 300s decreases the series resistance by
one more order of magnitude reaching 7 x 10° 2. The contact resistance follows the same
evolution with a decrease by two orders of magnitude after 300s of O, plasma exposure
time. Both behaviors are explained by blend p-doping leading to a conductivity increase
and the effective injection and extraction barrier lowering at the electrode/blend interface.

The conductivity o, has been calculated from the series resistance Rg as follows:

1

= % (5.7)

Op
The extracted conductivities, series and contact resistances are summarized in Table 5.2.
Since the conductivity is inversely proportional to the series resistance we obtain a one
order of magnitude increase of the conductivity after 60s of exposure. This evolution is
consistent with the increase by approximately one order of magnitude in p after plasma
treatment. When the TLM device is exposed to Oy plasma for 300s the conductivity
increases by two orders of magnitude reaching a conductivity around 5 x 107° S/cm at
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Figure 5.13: Extraction of the resistance with respect to L/W ratio without Og plasma treat-
ment (a), with a 60s (b) and with a 300s Oz plasma exposure time (c).

the bottom part of the layer. Moreover, since the oxygen needs to diffuse over 470 nm to
reach the channel area, this analysis provides an additional proof that Oy plasma has not
only a surface effect but a bulk effect.

Table 5.2: Contact resistance, series resistance and conductivity extracted from TLM measure-
ments for three different plasma treatment exposure times.

O3 plasma Re (2) Rs (92) o (S/em)
exposure time (s)
0 (8 +4) x 10° (941) x 101 (3.94+0.4) x 1077
60s (2.140.5) x 107 (7.140.1) x 10'°  (4.69 4 0.07) x 106
300s (6+1) x 10° (7.0£0.3) x 10 (4.76 £ 0.02) x 10~°

This experiment highlights the hole conductivity increase due to oxygen and strength-
ens the hypothesis of blend p-doping after O, plasma treatment. The observation carried
out on the electrical characteristics suggests the formation of trap states with plasma
treatment. Therefore, the following section will be devoted to the determination of trap
states formation induced by the Oy plasma.

5.3.2 Trap levels determination by admittance spectroscopy

The evolution of EQE and light current density suggests the formation of trap states in
the bandgap after Oy plasma treatment. This assumption is strengthened by the work
of D. Knipp and J. Northrup [259] which suggests the creation of an acceptor trap state
290 meV above the pentacene HOMO when exposed to oxygen leading to p-doping when
the Fermi level lies above the acceptor state. To probe the potential trap states in the
blend with and without O, plasma treatment we use admittance spectroscopy performed
on the OPDs at temperatures ranging from 200 to 300 K in steps of 10 K. The principles
of admittance spectroscopy are explained in Chapter 3 and the experimental set-up is
equivalent for both studies.

Frequency dependent capacitance spectra C(w) are shown in Figure 5.14 for both de-
vices. When no O, plasma treatment is used the C(w) spectra remain flat from 10? to
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10 Hz up to 260 K with a capacitance value driven by the geometric capacitance of the
active layer. For temperatures above 260 K a step starts to be visible at low frequencies in-
dicating the presence of an energy level in the band gap. When the active layer is exposed
to Oy plasma before PEDOT:PSS deposition, capacitance spectra exhibit a sharp step
with a transition frequency increasing with temperature. This first observation suggests
the formation of a trap level after Oy plasma exposure.

0.4 : : : : 25 : :

1 1
(@) No plasma (b) O, plasma | — 200K
[No plasma [©, plasma] — 200K
2.0 — 220 KL
o 034 - T —— 230K
£ £ 240 K
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S ol — 8 260 K
§ : § 270K
3 S 1.0 280 K
S o 290 K
0.1 - —— 300K
0.5 +
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Frequency w (Hz) Frequency w (Hz)

Figure 5.14: Frequency dependent capacitance spectra C(w) performed at temperatures ranging
from 200 to 300 K at 0 V for the device processed without plasma treatment (a) and the device
exposed to Oy plasma (b).

As it has been explained in Chapter 3, the extraction of the transition frequency
wr (frequency at which the capacitance drops from Cp to Cge,) for each temperature
is necessary to determine the activation energy of the trap. To facilitate the transition
frequency extraction we plot (G — Gy)/w with respect to w with Gy the conductance in
the static regime. In this analysis Gy is the conductance value G at the lowest measured
frequency. Frequency dependent conductance spectra are shown in Figure 5.15 with and
without Oy plasma treatment. Conductance spectra highlight the formation of a strong
peak after Oy plasma treatment and its position shifts toward higher frequency with
increasing temperature. When no plasma is used, some peaks can be analyzed at high
temperature but with a lower intensity.

The activation energy Ep and attempt-to-escape frequency 1y of the energy level are
extracted using the following relation.

1
In(wr) =In(w) + Er—— 5.8
(wr) = Inw) + Bri—z (58)
By plotting the logarithm of the transition frequency wy given by the position of the peak
with respect to the inverse thermal energy 1/kgT and fitting the data with equation 5.8
we can extract the activation energy and attempt-to-escape frequency.

Figure 5.16 (a) shows the Arrhenius plot of the OPD which was not exposed to O
plasma. Due to its low intensity, the peak becomes visible only for temperatures higher
than 280 K. The limited amount of data points makes it difficult to extract properly the
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Figure 5.15: Frequency dependent conductance spectra (G — Go)/w(w) performed at tempera-
tures ranging from 200 to 300 K at 0 V for the device processed without plasma treatment (a)
and the device exposed to Og plasma (b).

parameters associated with the energy level. We obtain an activation energy of 287 +
7 meV and an attempt-to-escape frequency around 10® Hz. When exposed to O, plasma
the OPD exhibits sharp peaks and transition frequencies wy can be extracted from 240 to
300 K. The fitting of the Arrhenius plot (Figure 5.16 (b)) leads to an activation energy of
34845 meV and an attempt-to-escape frequency around 10'° Hz. The peak corresponding
to the energy level of 290 meV is no longer observed. It is probably hidden below the high
peak corresponding to the 350 meV energy level.

76]@ [ 1050 [
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JROR—— 4290 mev 9,54
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Figure 5.16: Arrhenius plot of transition frequency wr extracted at 0 V for the device processed
without plasma treatment (a) and the device exposed to Oy plasma (b). The corresponding band
diagram with the energy level of the trap is given as inset.

We were able to extract the activation energies of the trap levels lying in the bandgap.
However, at this stage of the study we are enable to say whether the activation energy
is given with respect to the blend HOMO or LUMO level. As explained in Chapter 3,
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the admittance spectroscopy technique probes states located between the cathode and
anode electrode work functions. The schematic in Figure 5.17 illustrates the areas of the
blend band gap that are not probed by admittance spectroscopy (hatched area). Since
the activation energies measured are both lower than the difference between the cathode
work function and the electron affinity of the blend, we can conclude that those energies
are necessarily given with respect to the blend HOMO. As a result, we added a band
diagram schematic with the energy level measured as inset in Figure 5.16.

Blend EA
3.7eV
ll ITO/PEIE
290 meV
—morrs N [
PEDOT:PSS
4.9 eV Blend IP
5.15eV

Figure 5.17: Band diagram of the OPD showing the bandgap areas that cannot be probed
by admittance spectroscopy (hatched area). The activation energies of 290 and 350 meV are
illustrated with black and red arrows respectively from the blend HOMO and from the blend
LUMO.

Without O,y plasma treatment an energy level is observed approximately 290 meV
above the blend HOMO. This energy level has also been observed in the pure poly-
mer and it has been shown that its density increases with Mo(tfd-COCF3)s doping
concentration. However, in the case of O, plasma treated blend this energy level
is no longer observed but a new trap level is formed approximately 350 meV above
the blend HOMO. This energy level is different from the one obtained with Mo(tfd-
COCF3); doping indicating that it might be due to the Os-polymer interaction. At
this stage of the study we are unable to determine the donor or acceptor character
of the energy levels measured.

An acceptor state situated 350 meV above the blend HOMO would induce p-doping
if the Fermi level lies above this level. Moreover, acceptor traps 300 meV above the
polymer HOMO due to oxygen have already been suggested in the literature for pentacene
exposed to oxygen [259], and traps close to the blend HOMO have been measured for
poly (3-hexylthiophene) (P3HT) (6,6)-phenyl C61-butyric acid methyl ester (Cgo-PCBM)
exposed to oxygen [182]. Tt is then possible that the energy level probed approximately
350 meV above the Oy plasma treated blend is the acceptor state leading to the blend

p-doping.

As it has been introduced in Chapter 3, the concentration of traps N can be calculated
from the capacitance at the transition frequency Cr extracted in the conductance spectra:
_ 4kpTCr

ahpl Lt -3
Nr = ZAAw [em ™7 (5.9)
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with Aw the depletion thickness variation with the oscillating signal. We extract the
depletion width w from C(V) measurements for a given applied bias and temperature
using the following relation:

eoer A

C = (5.10)

w

The depletion width variation Aw is obtained by subtracting the depletion width w at
V — ACypyp from the depletion width at V' + ACq,,,n where AC,,,; is the amplitude of the
AC signal. When no plasma is used to deposit PEDOT:PSS, a density of (6+1) x10'® em ™3
is calculated for the trap level approximately 290 meV above the blend HOMO. This value
is approximately three times higher than the hole density p. As explained in Chapter 3,
in admittance spectroscopy we are limited by the amount of free carriers available to
be trapped and detrapped. Therefore, the value of Ny extracted might underestimate
the effective density of states. However, a trap concentration of 10'® e¢m™3 is sufficient
to degrade the device performances regarding the intrinsic carrier densities in organic
materials [182].

For the device exposed to O, plasma, a trap concentration of (6.7+0.1) x 106 cm =3 is

obtained for the level situated approximately 350 meV above the blend HOMO. As men-
tioned previously, the value of Ny extracted for this trap state might be underestimated
due to the hole density of (2.9 4+ 0.2) x 10'® em™. However, the similarity between both
concentrations could also indicate that the trap state situated 350 meV above the blend
HOMO is the acceptor level leading to p-doping. All Ny and p values extracted at 0 V
and 300 K are summarized in Table 5.3.

Table 5.3: Hole density p and trap concentration N7 for both types of devices at 0 V and 300 K.

O9 plasma p (em™3) Nr (em™3) @ 290 meV  Nr (em™3) @ 350 meV
No (1.7+£0.1) x 10% (6+1) x 10 -
60s (2.9 +£0.2) x 10'¢ . (6.74+0.1) x 106

5.3.3 Summary

Electrical characterizations (I(V), EQE and C(V)) were carried out on devices pro-
cessed with and without Os plasma treatment. These analyses led to the hypothesis
that O, plasma results in the active layer p-doping through oxygen diffusion in the
bulk with the formation of acceptor states situated below the Fermi level. In this
section we checked that the impact of Oy plasma is not limited to the active layer sur-
face. Moreover, the increase in hole conductivity after Oy plasma is consistent with
p-doping. Admittance spectroscopy was carried out on both OPDs and highlighted
the formation of trap states centered approximately 350 meV above the blend HOMO.
Supported by several studies presented in the literature [182, 259, 266], we suggest
that the states observed by admittance spectroscopy are acceptor traps responsible
for p-doping. This assumption will be further developed using TCAD simulations in
the following section.
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5.4. Assumption verification with TCAD simulations

We summarize all the parameters of the trap states extracted by admittance spec-
troscopy in the bandgap for both types of devices in Figure 5.18.

No plasma 0V 0, plasma 0V

3.7eV —m—— 3.7eV

Nr = (6.7 +0.1) + 1016 cm 3

NT = (611)*1015 em3 || 0 emreesssssssseeaaas T...
....................... B e
52ev4290mev 5.2 eV
vo~1+108 Hz vo~1.5+ 100 Hz
p=(17+0.1) 1015 cm™3 p=10(2.940.2)%x10% cm3

Figure 5.18: Schematic of the trap levels measured by admittance spectroscopy in the device
without plasma treatment and in the device exposed to Og plasma. The energy level Fr with
respect of the blend HOMO, the concentration of traps Np, the attempt-to-escape frequency of
the traps and the hole density p are summarized.

5.4 Assumption verification with TCAD simulations

We have shown that the active layer is p-doped when exposed to Oy plasma and a new
trap distribution is observed approximately 350 meV above the blend HOMO. We believe
that the trap state measured is the acceptor state leading to p-doping with the transfer
of an electron from the HOMO level to the acceptor level. However, at this stage of the
study we cannot be sure whether the trap is an acceptor or donor type. Using numerical
simulations we will try to discriminate between both types of trap states and we will
check if the formation of an acceptor level 350 meV above the blend HOMO can explain
all the evolutions observed in the electrical characterization of the OPD. Finally, the
visualization of band diagrams obtained by simulation for different applied biases will
illustrate the mechanisms involved in the change of the EQE shape and the decrease in
Voc after Oy plasma treatment.

5.4.1 Simulation principles and parameters

Numerical simulations were carried out with the help of Stéphanie Jacob using the com-
mercial tools available in Silvaco environment. We performed finite element simulations
using TCAD (Technology Computer Aided Design) in the software ATLAS enabling
electro-optical simulations of our devices.

The 2D structure of the simulated device is presented in Figure 5.19. In this structure
ITO/PEIE and PEDOT:PSS electrodes are considered as metals with work-functions of
4.9 and 4.2 eV respectively. Both work-functions have been measured by Kelvin probe.
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The Aluminum electrode is not taken into account in this simulation since it has no in-
fluence on the electrical characteristics. The optical reflection of the incident beam light
on the aluminum surface is neglected. This assumption, which will be verified in Section
5.4.3, does not lead to significant modifications in electrical characteristics since the active
layer is thick enough to absorb most of the incident light intensity. The blend is consid-
ered as a metamaterial with the ionization potential given by the polymer PBDTTT-c
ionization potential at 5.15 eV and the electron affinity given by the fullerene C60-PCBM
electron affinity at 3.7 eV. All parameters used in the simulation are summarized in Table
5.4. For each parameter we specify whether the value has been measured experimentally
in the lab, if it has been taken from the literature or if it is a fitting parameter.

(b) Blend EA
3.7eV
—F —  ITO/PEIE
€ 4.2ev
£
> E=l4eV
PEDOT:PSS —r—me—
4.9 eV Blend IP
5.15eV

-0.4 0.2 0.0 0.2 0.4
X (um)

Figure 5.19: 2D structure (a) and band diagram (b) of the OPD structure simulated in Silvaco
environment.

The optical constants n (refractive index) and k (extinction coefficient) of the three
layers are measured by UV-visible absorption spectroscopy and calculated using OptiChar
module of OptiLayer Thin Film Software. This module determines optical constants from
spectro-photometric analyses using the method of transfer matrices. Optical constants are
required to simulate the photo-generated current in the diode. The photogeneration rate
is obtained from the absorption coefficient taking into account an exciton dissociation
rate of 100%. The transport properties are simulated using drift diffusion model and
recombinations are introduced with Shockley Read Hall theory.

5.4.2 Electrical characterization fitting

As a first step, the I(V) and EQE characteristics of the device processed without plasma
treatment are used to optimize the fitting parameters. The density of states N and Ny
have a strong influence on the injected current density at low bias. Considering equivalent
density of states in the HOMO and LUMO, a value of 8 x 10' ¢m =3 has been chosen. This
value is close to the usual density of states around 102°~2! ¢m ™ determined for organic
semiconductors [185].

Using admittance spectroscopy measurements we have identified a trap state situated
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Table 5.4: Parameters used in the OPD simulation in Silvaco environment for both structures.
The parameters related to the traps added to the structures are described in Section 5.4.2.

Parameter No plasma With Og plasma Source
ITO/PEIE thickness 110 nm 110 nm Value from supplier
(VisionTek Products)
Blend thickness 500 nm 500 nm Contact profilometer
PEDOT:PSS thickness 100 nm 100 nm Contact profilometer
ITO/PEIE work-function 4.2 eV 4.2 eV Kelvin probe
Blend electron affinity 3.7eV 3.7 eV Value from supplier
(Sigma Aldrich)
Electrical band gap 1.45 eV 1.45 eV Calculated from HOMO
measured by UPS
PEDOT:PSS work-function 4.9 eV 4.9 eV Kelvin probe
Relative permittivity 3.6 3.6 C(V) measurements
Electron mobility 6 x 107 em?/Vs 6x107% em?/Vs  From literature [200]
Hole mobility 1x1073 em?/Vs 1x 1072 em?/Vs  From literature [200]
Density of states No and Ny 8 x 10 ¢m™3 8 x 10 ¢m™3 Fitting parameter
Density of mid-gap states 2 x 10" em™3 2 x 10" em™3 Fitting parameter
Capture cross-section 10715 em? 10715 em? Fitting parameter

of mid-gap states (o), = o)

approximately 290 meV above the polymer HOMO, which has also been observed in the
pure polymer in Chapter 3. A density of (64 1) x 10! ¢m™3 has been calculated at 300 K
for this level but the extraction of the trap density might be limited by the amount of free
carriers available in the HOMO level. As a results, we can consider that the density of
trap states situated above the blend HOMO is equal to or greater than 6 x 10 em™=3. As
we did not extract the electron and hole capture cross-section of the trap state, it must
be estimated with respect to the trap density by fitting the data. However, we still need
to determine whether this energy level is a donor or acceptor trap state.

The fit of the EQE characteristics with only donor states situated 290 meV above
the blend HOMO requires a large density of traps to decrease the EQE level through
recombinations. However, large densities lead to non-linearity of the photocurrent with
respect to the light intensity. To avoid this issue, which was not observed experimentally,
we chose to add mid-gap states. The probability of recombination is high for the states
close to the middle of the gap leading to a strong decrease of the EQE. These effective traps
account for all recombination centers that cannot be probed by admittance spectroscopy.

In order to set the density and capture cross-section of mid-gap and donor states we
need to determine their respective impact on the EQE and J(V) characteristics. Donor
states situated 290 meV above the blend HOMO have a strong impact on the injection
current density, while the density of mid-gap state has no influence on this parameter
(Figure 5.20 (a)). Therefore, the concentration of donor states has been set by fitting the
injection current density as shown in Figure 5.20 (b). Once the density of donor states is
defined, the fitting of EQE and light current density in the reverse bias regime is used to
set the concentration of mid-gap states.
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Figure 5.20: Current density in the dark and under illumination (530 nm, 0.3 W/m?) for the

device without plasma treatment with the simulations obtained with a donor trap level situated
290 meV above the blend HOMO and mid-gap states with varying concentration (a). The
density of mid-gap states is then kept constant while the density of donor traps is varied (b).

Figures 5.21 (a) and (b) exhibit the J(V) and EQE characteristics of the device pro-
cessed without plasma treatment with the fit obtained for donor states situated 290 meV
above the blend HOMO. To optimize the fit of both characteristics, a density of 2.7 x
10'6 ¢m =2 and capture cross-sections for electrons and holes of 5 x 10716 ¢m? have been
chosen. A good fit of the J(V) characteristic under light is obtained except around 0 V.
This difference is also visible in the EQE spectra with simulated values slightly lower at
0 V. However, the EQE at -2 V and -5 V are well reproduced by the simulations taking
into account a donor-type trap state 290 meV above the blend HOMO.
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Figure 5.21: Current density in the dark and under illumination (530 nm, 0.3 W/m?) (a) and
External Quantum Efficiency (EQE) at 0 V, -2 V and -5 V (b) for the device without plasma

treatment. The simulations obtained with a donor trap level situated 290 meV above the blend
HOMO are added to the graphs.
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5.4. Assumption verification with TCAD simulations

As admittance spectroscopy does not provide information about the type (donor or
acceptor) of the states probed, we need to verify whether acceptor states could also be
used to fit the electrical characteristics of the OPD without plasma treatment. In Figure
5.22, we compare the J(V) characteristics simulated with an acceptor-type trap state
situated 290 meV above the HOMO with the data obtained for the same device. With
a trap density similar to the one defined for donor states (2.7 x 10'® ¢m™2), the current
density (in red) is too high in the injection regime compared to the experimental data.
According to admittance spectroscopy measurements, the density of this trap state is
greater or equal to (6+1) x 10'® em™>. Therefore, we simulate J(V) characteristics taking
a density of 6 x 10'% em ™3 into account for the acceptor levels situated 290 meV above the
blend HOMO (in blue). However, the current density remains too high in the injection
regime. As a result, we believe that the trap levels measured by admittance spectroscopy
290 meV above the blend HOMO for the device processed without plasma treatment are
necessarily donor states.
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Figure 5.22: Current density in the dark and under illumination (530 nm, 0.3 W/m?) for the
device without plasma treatment. The simulations obtained with an acceptor trap level situated
290 meV above the blend HOMO with two different densities are added to the graphs.

The electrical characteristics of the photodetector processed without O, plasma treat-
ment can be properly reproduced by TCAD simulations considering a donor energy
level situated 290 meV above the blend HOMO. Through the fitting optimization,
a trap density of 2.7 x 10 ¢m ™2 has been extracted. This value is consistent with
admittance spectroscopy results indicating a trap density above 6 x 105 em=3. These
trap states are probably due to defects in the polymer and have already been discussed
in Chapter 3.

All the parameters defined above remain unchanged for the simulation of the device
processed with Oy plasma treatment as the trap states situated 290 meV above the blend
HOMO are considered intrinsic to the polymer. To fit the J(V) and EQE characteristics
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of the second device, we add an additional energy level situated 350 meV above the blend
HOMO, as indicated by admittance spectroscopy measurements. Two possibilities must
be considered: the trap states can be acceptor levels leading to the p-doping of the blend
if they are situated below the Fermi level or they can correspond to defects induced donor
levels accompanied by additional acceptor states situated closer to the HOMO level, which
have not been measured by admittance spectroscopy. To take these potential acceptor
levels into account, we can define a hole density p in the structure, which corresponds to
the hole density measured in Section 5.3.

Figures 5.23 (a) and (b) exhibit the J(V) and EQE characteristics of the device pro-
cessed with Os plasma treatment and the simulation obtained with an additional acceptor-
type energy level situated 350 meV above the blend HOMO. A good fit is obtained for
both characteristics considering a trap density of 8 x 106 em ™2 and a capture cross-section
of 5 x 10716 ¢m? for electrons and holes. As a result we can observe that the introduction
of acceptor states in the bandgap can explain all the modifications observed in the J(V)
and EQE characteristics after O, plasma treatment. The change in the EQE shape and
Voc due to oxygen will be further developed in the following section.
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Figure 5.23: Current density in the dark and under illumination (530 nm, 0.3 W/m?) (a) and
External Quantum Efficiency (EQE) at 0 V, -2 V and -5 V (b) for the device processed with Oq
plasma treatment. The simulations obtained with a donor trap level and an acceptor trap level
situated 290 meV and 350 meV above the blend HOMO respectively are added to the graphs.

If we consider a donor-type trap state situated 350 meV above the blend HOMO and an
additional hole density set at 8 x 10'6 ¢m =3 by the Mott-Schottky analysis on capacitance
measurements, similar results are obtained for the J(V) and EQE characteristics as shown
in Figures 5.24 (a) and (b). Therefore, TCAD simulations confirm that a p-doping is
responsible for the modifications in the J(V) and EQE characteristics but are not sufficient
to determine whether the traps introduced 350 meV above the blend HOMO correspond
to the acceptor level.
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Figure 5.24: Current density in the dark and under illumination (530 nm, 0.3 W/m?) (a) and
External Quantum Efficiency (EQE) at 0 V, -2 V and -5 V (b) for the device processed with
O, plasma treatment. The simulations obtained with donor trap levels situated 290 meV and
350 meV above the blend HOMO and an additional hole density are added to the graphs.

Using TCAD simulations, we were able to confirm that p-doping induced by the
O, plasma treatment can effectively lead to modifications in the EQE shape, field
dependent EQE spectra, a reduction of the EQE level, an increase in the injection
current and a Vpo decrease. However, two distinct scenarios can explaine this p-
doping. We can consider that the trap level induced by the O, plasma 350 meV
above the blend HOMO is the acceptor level responsible for the doping process.
Another possibility consists in the formation of donor traps 350 meV above the blend
HOMO and acceptor levels closer to the blend HOMO. The trap states too close to
the transport level cannot be probed by admittance spectroscopy. Both scenarios
successfuly reproduced the electrical characteristics of the diode processed with O,
plasma treatment.

5.4.3 Band bending explanation

In order to better understand the impact of this unintentional p-doping on the electrical
characteristics of the photodetectors, we have simulated the band diagram for the different
scenarios described previously. Moreover, we need to consider the absorption length in
the active layer at different incident wavelengths. The absorption length L,;s corresponds
to the depth of the layer required to absorb 63% of the incident flux and is defined by the

following equation:

A
Laps = ———— 5.11
" Ark()N) (5.11)

where A is the wavelength of the incident photons and k(A) the wavelength dependent
extinction coefficient of the thin film. The refractive index n and extinction coefficient k
of the active layer have been calculated from absorption measurements using OptiChar
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module of OptiLayer Thin Film Software. The corresponding absorption length of the
active layer is given in Figure 5.25 with respect to the wavelength of the incident photons.
The values obtained do not exceed 350 nm for incident wavelengths below 700 nm. At
the largest absorption length obtained around 500 nm, 75% of the incident light intensity
is absorbed in the 500 nm thick active layer. For absorption lengths around 150 nm, 97%
of the incident light is absorbed by the active layer. As a result, we chose to neglect the
reflection on the Aluminum electrode.
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Figure 5.25: Absorption length of PBDTTT-c:Cgp-PCBM thin film with respect to the wave-
length of the incident photons.

The EQE spectra exhibit two peaks around 450 and 660 nm. The absorption lengths
corresponding to these wavelengths are 250 nm and 145 nm respectively. This result
indicates that the incident flux at a wavelength of 450 nm is absorbed deeper in the
active layer than the incident flux at a wavelength of 650 nm. In order to understand
how the absorption coefficients play a role in the resulting EQE, the band diagrams of the
photodetectors processed with and without Oy plasma treatment have been simulated.

The distribution of the electron and hole density in the active layer simulated at -2 V
for the devices processed without and with Oy plasma are given in Figure 5.26 (a) and (b)
respectively. When no acceptor traps or ionized dopant density is added to the structure,
corresponding to the diode without plasma treatment, we observe a charge density of
the same order of magnitude for electrons and holes in the center of the active layer.
However, the addition of acceptor levels p-doping the active layer or a hole density leads
to the accumulation of holes over 350 nm below the PEDOT:PSS layer. The evolution
of the charge density distribution in the active layer induces strong modifications in the
OPD band diagram.

The band diagram simulated at -2 V for the structure with the donor trap level at
290 meV above the blend HOMO is given in Figure 5.27 (a). This structure corresponds
to the photodetector without plasma treatment and exhibits a constant electric field in
the whole active layer. The band diagram corresponding to the photodetector processed
with plasma treatment and simulated at -2 V is shown in Figure 5.27 (b). As both
scenarios described previously lead to similar band diagrams, we have chosen to show the
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Figure 5.26: Distribution of the charge density in the photodetectors without (a) and with (b)
O plasma treatment simulated at -2 V.

structure with an acceptor state added 350 meV above the blend HOMO. The same band
diagrams would have been obtained with donor states situated 350 meV above the HOMO
accompanied by an additional hole density p. Oxygen induced p-doping results in a strong
band bending at the interface with the ITO/PEIE cathode. Therefore, the electric field is
high at the cathode interface and close to 0 elsewhere. The absorption lengths associated
with the two peaks observed in the EQE spectra for an incident wavelength of 450 and
660 nm are illustrated with green and red arrows respectively. This schematic highlights
the influence of the absorption length in a non-uniform electric field.

The band bending at -2 V for the photodetector processed with plasma treatment
extends over approximately 140 nm below the ITO/PEIE electrode. With an absorption
length of 145 nm at an incident wavelength of 650 nm, most of the light intensity is ab-
sorbed in the region of high electric field. The resulting collection of charges is efficient,
although the introduction of deep trap states leads to a higher recombination rate. How-
ever, for an incident wavelength of 450 nm, the absorption length of 250 nm is larger than
the space charge region. The excitons generated by the photons reaching the flat band
area have a higher probability to recombine leading to a low collection efficiency. The
formation of a space charge region with high electric field and a flat band region with
an electric field close to 0 can therefore explain the modification of the EQE shape after
plasma treatment with a collection efficiency higher for an incident wavelength of 650 nm
than 450 nm.

The evolution of the EQE shape with the applied bias for the photodetector processed
with O, plasma treatment can be understood by looking at the simulated band diagrams
for each applied bias in Figure 5.28. At 0 V (Figure 5.28 (a)) the space charge region is
only 70 nm deep leading to comparable collection efficiency for each incident wavelength.
As a result, the shape of the EQE is not strongly modified at this bias. However, the
strong band bending at the interface leads to a low electric field in almost the entire
active layer. As a low electric field increases the probability of recombination, the EQE is
lowered compared to the photodetector processed without plasma. By further increasing
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Figure 5.27: Band diagrams of the photodetectors without (a) and with (b) Oz plasma treatment
simulated at -2 V. The diagrams show the electrode work-functions, the active layer HOMO and
LUMO, the electrons and holes quasi-Fermi levels and the trap states. The trap level in black
corresponds to the donor trap situated 290 meV above the blend HOMO and the trap level in
blue corresponds to the acceptor trap situated 350 meV above the blend HOMO. The absorption
lengths of 250 nm and 145 nm are illustrated with green and red arrows respectively.

the voltage in the reverse bias regime at -2 V and -5 V (Figure 5.28 (a) and (b)), the
space charge region progressively extends in the active layer resulting in an absorption
wavelength dependent collection efficiency. A modification of the EQE is therefore ob-
served with increasing bias. It would have been useful to compare EQE spectra for diodes
illuminated from the anode side and from the cathode side. B. Bouthinon [267] showed
that the EQE ratio between both illumination sides can give information about the band
bending in the active layer. However, to carry out this study we would need to replace
the aluminum by a transparent electrode.
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Figure 5.28: Band diagrams of the photodetectors with Oy plasma treatment simulated at 0 V
(a), -2 V (b) and -5 V (c). The diagrams show the electrode work-functions, the active layer
HOMO and LUMO, the electrons and holes quasi-Fermi levels and the trap states. The trap level
in black corresponds to the donor trap situated 290 meV above the blend HOMO and the trap
level in blue corresponds to the acceptor trap situated 350 meV above the blend HOMO. The
absorption lengths of 250 nm and 145 nm are illustrated with green and red arrows respectively.
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Band diagrams are also useful to understand the origin or the Vo decrease after
plasma treatment. Figure 5.29 (a) and (b) exhibits the band diagrams simulated for
the OPD without and with plasma respectively. We can notice a reduction of the quasi-
Fermi levels splitting after O plasma treatment from 0.54 eV to 0.51 eV. The open-circuit
voltage Vo is related to the quasi-Fermi levels splitting as follows [268]:

Voo = ;(EFN — Erp) (5.12)
with Fry and Erp the electrons and holes quasi-Fermi levels. Therefore, a reduction of
the quasi-Fermi level splitting can directly explain a Vo decrease. However, the quasi-
Fermi level splitting obtained by simulation decreases by 0.03 V while Vo decreases by
0.1 V in both simulation and measurements. Moreover, Equation 5.12 does not lead to the
obtained Vpe. A lower value of Ve can be due to carrier recombination [269]. We observe
that the electric field is close to 0 in almost the entire active layer at Voo for the device
processed with plasma treatment. Flat bands can contribute to a high recombination
rate, leading to a more important decrease of the Voe.
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Figure 5.29: Band diagrams of the photodetectors without (a) and with (b) Oz plasma treatment
simulated at Vpc. The diagrams show the electrode work-functions, the active layer HOMO and
LUMO, the electrons and holes quasi-Fermi levels and the trap states. The trap level in black
corresponds to the donor trap situated 290 meV above the blend HOMO and the trap level in
blue corresponds to the acceptor trap situated 350 meV above the blend HOMO.
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The simulation of the band diagrams at different applied biases for both types of
photodetectors (with and without plasma) help understanding the evolution of the
Voc and EQE shape. The p-doping induced by the O, plasma exposure results in
the formation of a space charge region at the cathode ITO/PEIE interface with a
strong band bending and high electric field. As a result, the electric field is close
to 0 elsewhere in the active layer. This inhomogeneity in the electric field leads to
different collection probabilities depending on the absorption length, which depends
on the wavelength of the incident photons. Therefore, the EQE peak at 650 nm
with a short absorption length benefits from a high collection efficiency driven by
the electric field. On the other hand, the peak at 450 nm suffers from a larger
absorption length resulting in a significant absorption in the flat band region where
the probability of recombination is higher. Moreover, the evolution of the space
charge region with the applied bias further amplifies the EQE dependency on the
incident photons absorption length.

5.5 Summary and outlook

Oxygen plasma is a widely used surface treatment in solution printed solar cells and
photodetectors processing to enable PEDOT:PSS deposition. However, Oy is known to
be detrimental for organic devices. Therefore, it is crucial to determine the impact of this
treatment on device performances. To address this issue, we compared the exact similar
structure processed with and without Oy plasma treatment. This experiment requires
the ability to deposit PEDOT:PSS without surface treatment on the active layer. This
requirement is made possible by the development of lamination techniques, which has
been used in the OPD processing in this chapter.

Electrical characterizations on photodetectors processed with and without O, plasma
treatment highlighted the impact of this surface treatment on the OPD performances. O,
plasma leads to a sensitivity and EQE decrease while it increases the current density in
the injection regime. Moreover, we can observe a change in the shape of the EQE spectra
after Oy plasma treatment. Regarding these results, an hypothesis has been formulated.
The formation of acceptor levels between the HOMO and Fermi levels could explain all the
evolutions observed in the electrical characteristics. If acceptor levels are situated below
the Fermi level they can be charged and p-dope the active layer. Such charged states can
explain the increase in current density but also the changes in EQE shape due to strong
band bending. Moreover, deep trap states have a high recombination probability, which
reduces EQE and sensitivity.

In order to test this hypothesis, further characterizations have been carried out. The
increase in conductivity and hole density confirmed the p-doping effect of the O plasma
treatment. Conductivity measurements also confirmed the impact of the treatment on
the bulk of the active layer through oxygen diffusion. Admittance spectroscopy was used
to probe potential trap states in the gap of the active layer. We identified one trap
state situated 290 meV above the blend HOMO without plasma treatment and one trap
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state situated 350 meV above the blend HOMO after plasma treatment. We can make
the hypothesis that the trap state created in the bandgap of the blend by O, plasma
treatment might be the acceptor state leading to p-doping.

TCAD simulations have been carried with the help of Stéphanie Jacob to further de-
velop this hypothesis. For the OPD processed without Oy plasma treatment, we obtained
a good fit by taking donor trap states situated 290 meV above the blend HOMO into
account and we were able to invalidate the possibility of acceptor states at this level.
However, the OPD processed with Oy plasma treatment can be successfully simulated
with two different hypotheses. We can consider the trap states situated 350 meV above
the blend HOMO as acceptors but we also obtain a good fit with donor states and an
additional hole density p. The hole density would stand for acceptor levels that would
be situated closer to the HOMO level. Such trap states cannot be probed by admit-
tance spectroscopy with this structure. Therefore, further work needs to be carried out
to discriminate between both assumptions. As an example we could carry out Density
Functional Theory (DFT) simulations to determine the interaction between the oxygen
molecule and the polymer and the potential formation of acceptor levels in the bandgap,
as it has been carried out by Knipp and Northrup for pentacene [259].

Using TCAD simulations we were also able to understand the evolution of the EQE
shape using band diagrams. The p-doping induced by the O, plasma causes a strong
band bending at the interface with ITO/PEIE and a very low electric field closer to
the PEDOT:PSS electrode. This band bending leads to an absorption length dependent
photocurrent explaining a change in the shape of the EQE spectra.

By carrying out electrical characterizations on organic photodetectors processed with
and without O, plasma treatment we showed that this surface treatment is detrimen-
tal for OPD performances. Therefore, we could improve solar cells and photodetectors
characteristics by removing the O, plasma treatment with the use of PEDOT:PSS lamina-
tion. Alternative surface treatments have been developed like Self-Assembled Monolayers
(SAM) but their impact on the device characteristics remains to be understood. Moreover,
we need to study the impact of O, plasma on the device stability in order to determine
whether the initial presence of oxygen molecules in the active layer accelerates the aging
process.

Finally, this study highlights the need to localize doped layers at the interface to avoid
band bending in the active layer. Therefore, unintentional oxygen doping must be avoided
and intentional molecular doping needs to offer a limited tendency to diffuse.
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General conclusions

This study on organic semiconductor p-doping was motivated by two main goals:
deepen our understanding of the doping mechanisms involved and integrate the doped
layer in a device to replace the PEDOT:PSS hole transport layer. The knowledge acquired
on organic semiconductor doping was beneficial to study the consequences of unintentional
oxygen doping in organic photodetectors.

Throughout this work, we have chosen PBDTTT-c as polymer for its promising per-
formances in organic solar cells and photodetectors. To avoid diffusion issues reported for
the dopant F,TCNQ and obtain improved doping efficiencies we have chosen a soluble
derivative of Mo(tfd), the p-dopant Mo(tfd-COCF3)s.

As a first step of this thesis, we verified the effectiveness of p-doping for the mix-
ture Mo(tfd-COCF3)3:PBDTTT-c. Using electrical characterizations on the PBDTTT-c
thin film doped with varying concentrations, we demonstrated the effect of p-doping on
the electrical properties of the polymer. The use of Mo(tfd-COCF3)3 as p-dopant in
PBDTTT-c led to a conductivity increase among the best reported in the literature for
a doping concentration of 2.5% MR. The evolution of the electrical characteristics with
varying doping concentrations highlighted the presence of two regimes. Below 2.5% MR,
the addition of molecular dopants leads to the filling of trap states improving the trans-
port properties while increasing the amount of free carriers. However, above 2.5% MR we
identified a saturation or decline in the electrical performances. This behavior indicates
a reduced impact of the dopant and two possibilities have been suggested to explain this
evolution. Polymer dopant aggregates have been observed by SEM and TEM images
above 2% MR and can be responsible for a decline in the transport properties. However,
polymer-dopant aggregates do not explain a reduced doping efficiency as all molecules of
dopant have reacted with the polymer according to NMR analysis. The second hypothesis
formulated involves the entry in the dopant reserve regime with the saturation of Fermi
level below the acceptor state of doping.

Understanding the limits of the doping efficiency in organic semiconductors is crucial
to find clues in order to obtain improved doping efficiencies at lower doping concentrations.
This study consisted in determining the doping mechanism involved in the polymer-dopant
mixture. In the literature, two doping mechanisms have been suggested: Integer Charge
Transfer (ICT) and Charge Transfer Complex (CTC) formation. If CTC is responsible for
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the p-doping of PBDTTT-c with Mo(tfd-COCF3)s, it would strengthen the hypothesis of
dopant reserve regime at high doping concentration with the saturation of the Fermi level
below the anti-bonding state of the complex. To distinguish between ICT and CTC we
carried out complementary optical and electrical analyses. One sub-bandgap absorption
peak has been identified with doping and can be attributed to polarons, and therefore
ICT, or to the absorption in the complex resulting from CTC. The addition of dynamic
and static quenching have been identified in the doped polymer through fluorescence
and lifetime of the excited state measurements. A dynamic component in the quenching
of the polymer fluorescence upon addition of molecular dopants were expected for both
ICT and CTC mechanisms. However, the static component implies the absorption of
the incident photons in a complex formed between the two molecules. Therefore, the
photoluminescence analysis suggests that CTC might be involved in the doping process
and is consistent with the second sub-bandgap absorption peak observed with doping.
Taking into account the hypothesis of CTC formation, the energy level of the anti-bonding
state of the complex, and therefore the acceptor level of doping, has been extracted
using absorption measurements. To further verify this hypothesis, admittance spectrocopy
measurements have been carried out to probe the potential energy levels created in the
polymer bandgap. A trap state is effectively probed for the doped polymer and the energy
level is consistent with the absorption spectroscopy study. Therefore, it is very likely that
the formation of a CTC is involved in the doping of PBDTTT-c¢ with Mo(tfd-COCF3)3

Although the doping efficiency in organic semiconductor remains to be improved,
doped layers lead to effective injection barrier lowering. Therefore, they can be used
in organic devices to obtain a good ohmic contact at the organic semiconductor-metal
electrode interface. In this study we chose to use the layer of Mo(tfd-COCF3); doped
PBDTTT-c as hole transport layer to replace the widely used PEDOT:PSS, known to
be responsible for stability issues. Soft Contact Transfer Lamination (SCTL) was used
to stack organic layers processed in solution without the use of orthogonal solvents. The
p-doped layer was successfully integrated in an organic photodetector (OPD) leading to
similar performances than OPDs processed with PEDOT:PSS. The major drawback of
the use of p-doped polymer as HTL highlighted in this study is the loss of photocurrent
linearity at high light intensities. This degradation has been attributed to the significant
series resistance of the HTL associated with the limited conductivity. However, the use of
Mo(tfd-COCF3)3 doped PBDTTT-c improves the OPD detectivity, which can compete
with its silicon-made counterpart. Moreover, no localization step of the HTL is required
for the p-doped layer. Finally, preliminary ageing studies have been carried out suggest-
ing an improved stability in humid atmosphere compared to PEDOT:PSS and a limited
impact of the temperature.

Oxygen is known to p-dope organic polymers and degrade organic devices perfor-
mances. Nevertheless, oxygen plasma treatment is widely used in organic solar cells and
photodetector processing to enable the deposition of PEDOT:PSS on the active layer. To
our knowledge, the impact of this treatment on the device performances has not been
clearly established. In this study, we took advantage of the lamination technique to de-
posit the PEDOT:PSS layer without the need for surface treatment. Therefore, we were
able to compare two identical OPD structures processed with and without O, plasma
treatment. We highlighted the degradation induced by the surface treatment on the OPD
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external quantum efficiency (EQE) and sensitivity. Moreover, we observed a change in
the EQE shape with a strong decrease at lower wavelengths (around 400 nm). Although
it is known that oxygen potentially p-dopes organic semiconductors, the origin of the
OPD performances degradation remained to be understood in this case. As a first step
we checked the effectiveness of p-doping through conductivity and ionized dopant density
measurements and showed that the impact of the O, plasma treatment is not limited to
the surface of the active layer but extends throughout the bulk. In Chapter 3 we have
shown that molecular p-doping induces trap states above the polymer HOMO, which
could be associated with the acceptor level of p-doping. We repeated this experiment
on the active layer and demonstrated the creation of trap states approximately 350 meV
above the polymer HOMO upon O, plasma exposure. It is still unclear whether this trap
state corresponds to the acceptor levels or is a donor-type trap state induced by disorder.
Finally, we used TCAD simulations to improve our understanding of the O, plasma trea-
ment induced degradations. We were able to reproduce the J(V) and EQE characteristics
for untreated and treated OPDs with the formation of an acceptor level 350 meV above
the HOMO but also with a donor level at the same position accompanied by a hole den-
sity. With the help of simulated band diagram we were able to understand the origin of
the sensitivity degradation as well as the wavelength dependent EQE decrease.

Critical Discussion

The work carried out throughout this thesis raised several points, which would require
further studies to be solved.

In Chapter 2 we have shown that the formation of polymer dopant aggregates might
be responsible for the degradation of transport properties at high doping concentration.
However, to reach appropriate conductivities and sufficient energy barrier lowering, the
doping concentration must be pushed above the limit of aggregates formation. Therefore,
we should work on the origin of these aggregates and study potential solutions to avoid
them. As an example, we can study the influence of the solvent or the temperature of the
annealing step on the size and density of the aggregates in the polymer layer, but also on
the transport properties.

As the formation of polymer-dopant aggregates are not sufficient to explain the lim-
itations observed at high doping concentration, the mechanisms involved in the doping
process has been studied. Optical and electrical characterizations converged to the for-
mation of a charge transfer complex (CTC). However, this hypothesis can raise doubts
about the probability for the electron to be transferred from the polymer HOMO to the
anti-bonding state of the complex. Two preliminary assumptions have been formulated
in this manuscript to explain this phenomenon. The first hypothesis considers the broad-
ening of the density of states reaching the deep acceptor level for doping. Although a
few studies [127, 173, 214] have demonstrated a density of states broadening induced by
doping, it is still unclear whether this phenomenon is responsible for the effectiveness of
doping. Further studies are required such as UPS and IPES measurements to follow the
evolution of the HOMO level with doping and probe the potential anti-bonding state of
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the complex using a strong doping concentration, as it has been done for F,TCNQ doped
AT by Méndez et al. [29]. The second hypothesis deals with the influence of light on the
doping process. A short preliminary study suggests that light is involved in the doping
effectiveness, recalling the light-assisted doping process identified for oxygen [183, 218|.
However, this study needs to be pursued to obtain concrete and reliable results. Longer
ageing studies with different illumination conditions are required.

An interesting work to be carried out to continue this study on the mechanisms in-
volved in the doping of PBDTTT-c with Mo(tfd-COCF3); would be Density Functional
Theory (DFT) analysis. This technique could provide important information about the
interaction between the two components. In particular, we should be able to determine
whether a complex is formed between the polymer HOMO and dopant LUMO and quan-
tify the energy levels associated with this complex, as it has been carried out for several
polymer-dopant mixtures [90, 92, 93].

Chapters 2 and 3 could be enriched by similar studies using different types of molecular
dopants. A similar sub-bandgap absorption peak observed for several dopants would put
into question the CTC hypothesis, recalling the formation of polarons in the polymer.
On the other hand, if a CTC is effectively involved in the doping process of Mo(tfd-
COCF3); doped PBDTTT-c, changing the dopant should lead to a different anti-bonding
state or a different doping mechanism. Therefore we should observe a correlation between
all electrical and optical characterization techniques. As an example, if the use of a
different dopant leads to an anti-bonding state stituated deeper in the bandgap, the
Fermi level should cross the acceptor state at a lower doping concentration, and therefore
the conductivity and doping efficiency should decrease at a lower doping concentration
threshold.

The Mo(tfd-COCF3)3 doped PBDTTT-c layer has been successfully introduced in
organic photodetectors, as a replacement for the PEDOT:PSS HTL. However, we have
highlighted one drawback of this replacement with the formation of a series resistance
by the HTL leading to photocurrent non-linearity at high light intensities. To overcome
this issue, the conductivity of the doped layer needs to be improved by several orders
of magnitude. This limitation motivates the study about the mechanism responsible for
the doping process, which needs to be determined in order to find clues to improve the
doping efficiency. However, if the series resistance of the HTL is decreased, the laminated
p-doped layer will require a patterning step before the deposition of the electrode top
contact. Some work needs to be done to enable lamination of a patterned layer as it has
been introduced by Chen et al. [270].

The Soft Contact Transfer Lamination (SCTL) technique used in this study to enable
the deposition of subsequent organic layers without the need of orthogonal solvents is
limited to small areas and highly dependent on the material. Moreover, the yield of this
lamination step is low. Therefore, this technique requires further improvements to be
transferred to large scale production, with a good reproducibility and compatibility with
various polymer layers.

In this work we have shown only preliminary ageing studies on the OPD processed
with the p-doped layer as HTL. As molecular dopants are prone to diffusion, a complete
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study is required on the effect of temperature and bias on the evolution of the OPD
performances. Further work can also be carried out to compare the degradation of OPDs
with PEDOT:PSS and p-doped layer as HTL when exposed to humidity, oxygen and
illumination. Although we expect the p-doped layer to lead to improved performances in
humidity conditions, oxygen and illumination, induced degradations might not be reduced
by the doped layer.

Oxygen, inducing p-doping and chemical degradations in the organic semiconductors,
is indeed a major issue for organic devices. An active research is conducted to develop
efficient encapsulation solutions in order to delay as much as possible the diffusion of oxy-
gen in the organic layers [271, 272, 273]. For some technologies as light emitting diodes
processed with polymers (PLED) and small molecules (OLED), the complete process is
carried out in glovebox to avoid detrimental degradations induced by oxygen [254, 274].
However, Oy plasma treatment remains a widely used technique to enable the deposition
of PEDOT:PSS. As we have shown in Chapter 5, this treatment reduces significantly the
performances of organic photodetectors due to the oxygen p-doping of the active layer.
This study emphasizes the need to control the doping profile in organic devices and re-
strain high doping concentrations to the interfaces. Moreover, this study highlighted the
need to replace the surface treatment or find alternative ways to deposit the PEDOT:PSS
layer. Self-assembled monolayers (SAMs) are also used to change the surface tension of
the active layer [275], but its impact on the device performances remains to be demon-
strated. For future technologies, we can imagine using lamination techniques to deposit
the PEDOT:PSS layer without any surface treatment on the active layer. Another solu-
tion consists in the replacement of PEDOT:PSS by a laminated p-doped polymer layer,
as presented in Chapter 4.

However, the study of the impact of Oy doping on the active layer properties requires
further experiments. Indeed, it is still unclear whether the trap states probed approxi-
mately 350 meV above the polymer HOMO correspond to the acceptor level of doping.
Further analyses need to be carried out to answer to this question, as DFT analysis to
determine the interaction between the polymer and the dioxygen molecule. Such analysis
has already been carried out for pentacene and can provide interesting information about
the position of potential donor or acceptor levels in the polymer bandgap [259]. We can
also push the simulation analysis by scanning the active layer bandgap with acceptor
states. This study could help determine whether acceptor levels closer to the polymer
HOMO can be responsible for the evolution of the electrical characteristics.

Finally, we need to study the impact of initial unintentional oxygen doping on the
stability of the organic photodector. Comparative ageing studies can be carried out on
devices processed with and without O, plasma treatment to determine the effect of tem-
perature or bias on the device performances.

Outlook

Complementary studies on organic semiconductor doping are necessary to build a
global picture of the doping processes between various types of organic semiconductors
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and dopants. We need to understand the limitations of the organic semiconductor doping
to unlock the doping efficiencies obtained to this day. If CTC is effectively involved in some
polymer dopant mixtures, we need to find a way to reduce the intermolecular electronic
coupling between both components. Therefore, we should be able to shift the acceptor
level closer to the organic semiconductor HOMO, increasing the doping efficiency.

Although the introduction of doped organic semiconductor layers has been successfully
carried out in evaporated devices, the development of this technology in solution printed
devices is in its early stages. Dai et al. [26] have replaced PEDOT:PSS by a laminated p-
doped layer in organic solar cells. Further studies are necessary to repeat this replacement
for various doped layers in solar cells and OPDs, improve the lamination technique and
study the impact of the doped layer on the device performances and stability. Moreover,
tandem solar cells could be processed by solution processing of doped organic layers
using lamination techniques. Doped layers are also of great interest for organic field
effect transistors (OFETs). Localized doped layers at the interface with the electrodes
are beneficial for the contact properties [149, 150] and channel doping can be used to
control the threshold voltage [153] and to produce inversion OFETs [144]. However, to our
knowledge, no solution processed transistors have been realized with doped organic layers.
The development of SCTL with patterning is necessary to use doped layers in organic
transistors, especially for interface doping. It has been shown that the introduction of the
conducting polymer PEDOT:PSS as interface layer in PLEDs enhances significantly the
device performances by reducing the hole injection barrier [276]. This work highlights the
need to develop printing-compatible solutions to use doped layers in PLEDs as it is used
for evaporated OLEDs. To our knowledge, no solution printed doped layer has been used
in PLEDs so far. Overall, doped polymer layers are interesting for all solution printed
devices requiring an efficient polymer-electrode contact.

To enable the introduction of doped layers in organic devices and the replacement of
unstable interface layers, p and n-doping needs to be developed. Although a lot of work
is carried out on p-type doping, the strong instability of n-type doping regarding oxygen
makes its study more challenging. Recently, air-stable dimers have been developed, which
possess the ability to provide additional electrons to the organic semiconductor when the
thin film is formed using thermal activation [121]. Further work is required to optimize
this doping process, guarantee its stability and introduce such layers in organic devices.

Device stability is one of the major challenges of organic electronics. In this study
we have highlighted that unintentional and uncontrolled oxygen doping is detrimental for
organic devices. Therefore, the development of organic semiconductor doping needs to
guarantee a good localization and limit diffusion issues. Moreover, we need to find clues
to limit stability issues induced by oxygen.
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Appendix A-Summary of the structures studied

Structure Schematic Experiment Section
1. Conductivity
TRUCTURE 1 2.2
STRUCTU 2. Activation energy of hopping transport
Al
PBDTTT-c
1. Mott-Schottky Analysis 2.3
TRUCTURE 2
STRUCTU 2. Admittance spectroscopy 3.3
PBDTTT-c
PEDOT.PSS
ITO
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Appendix . Appendix A-Summary of the structures studied

Structure Schematic Experiment Section

©

STRUCTURE 3A

PEDOT.PSS

ITO

©

STRUCTURE 3B Injection barrier 2.5

PBDTTT-c

PEDOT.PSS

ITO

©

STRUCTURE 3C

PBDTTT-c/ C60-PCBM

PEDOT.PSS

ITO

Al
HTL
STRUCTURE 4 OPD with different HTLs (PEDOT:PSS | Chapter 4
PBDTTT-c and p-doped PBDTTT-c)
C60-PCBM
ITO/PEIE
Al
PEDOTPSS
STRUCTURE 5 OPD with and without Os plasma Chapter 5
PBDTTT-c treatment
C60-PCBM
ITO/PEIE
STRUCTURE 6 S Hole conductivity with and without 5.3.1

O plasma treatment
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Appendix B-TLM on pure PBDTTT-c
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Figure B.1: Resistance with respect to L/W extracted from TLM analysis with a linear fit
to extract the series resistance Rg of the layer and the contact resistance Rco with the gold
electrode.
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Appendix C-Supplier and reference information

Material Supplier Reference

ITO coated glass VisionTek

PEIE Sigma Aldrich Cw =35—40%
PBDTTT-c Solarmer Materials SMI-P9001
CgoPCBM Merck PV-A600 lisicon
PEDOT:PSS Agfa Orgacon HIL 1005

MO(tfd-COCFg)g

Group of Prof. Seth Marder
Georgia Institute of Technol-

ogy

PDMS

Dow Corning

SYLGARD 184

Gold coated PEN OIKE Q65HA
o-xylene Sigma Aldrich > 99%
Chlorobenzene Sigma Aldrich > 99.5%
1,2,4-Trichlorobenzene Merck

Epoxy glue DELO LP

Glass for encapsulation

Verre Industrie

0.7 mm Borosilicate
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Appendix D-Experimental Protocol of solid-state NMR

All solid-state NMR experiments were carried out at room temperature using a BRUKER
AVANCE DSX 500 MHz spectrometer, operating at a 'H frequency of 500.13 MHz and
a 1BC frequency of 125.7 MHz. 1D 3C spectra were acquired with a 4 mm Bruker
CPMAS probe-head, using a combination of cross-polarization (CP), magic-angle spinning
(MAS), and high-power proton decoupling methods. The MAS speed was set to 12,000
Hz. 1H radio-frequency field strengths of 70 and 87 kHz were used for proton pulses
(90°pulse duration of 2.8 ms) and proton dipolar decoupling, respectively. The 13C radio-
frequency field strength was set to match the Hartman-Hahn condition during CP. For
each spectrum, 12,000 transients were accumulated with a CP contact time of 2 ms
and a recycle delay of 5 s. Signals of quaternary carbons were assigned using dipolar
dephasing sequence. The chemical shift values were calibrated indirectly with the carbonyl
signal of glycine set at 176.03 ppm relative to tetramethylsilane (TMS). Non-quaternary
suppression (NQS) experiments were performed by intervalling the 40u s dephasing delay
with zero field strength before the acquisition period in the CP experiment. This sequence
combined with MAS is referred to as the NQS/MAS experiment.
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