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ABSTRACT

ABSTRACT

Organic semiconductors (OSCs) are promising materials for low-cost, flexible, large-area
production of printed electronic devices. In this context, molecular doping allows
controlling the electrical properties of OSCs, offering a powerful tool to improve the
performances of different electronic devices. Despite the progress in the fundamental
understanding of the doping mechanism and processing techniques, stability aspects of p-
doped OSCs have received little attention. Nevertheless, the stability of the p-doped state
in the presence of oxygen and humidity is a crucial factor to be investigated for the

integration of doped layers in organic devices.

In this thesis, we have studied the molecular doping of disordered polymer semiconductors
and the stability of the p-doped state in the presence of oxygen and water-related species.
PBDTTT-c and RRa-P3HT were used as polymer hosts and FATCNQ and Mo(tfd-
COCF3)s as p-dopants. The process conditions have been carefully studied to achieve
controlled doping and to optimize the electrical properties. The impact of the dopant
concentration was investigated in terms of electrical (conductivity), optical (UV-Vis-NIR)

and structural (GIWAXS) properties of doped layers.

The stability of the p-doped state was investigated by monitoring the evolution of the
doping signatures under three different atmospheres: argon, anhydrous air, and ambient
air. XPS analyses were carried out to investigate the impact of air exposure on the chemical

state of p-doped layers. Simulations have been used to support our findings.

Present results highlighted the presence of an important dedoping mechanism for p-doped

semiconducting polymers in the presence of water-related species.

Keywords: Organic electronics, pi-conjugated polymers, p-type, Molecular doping,
Dedoping, Air Stability
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RESUME

RESUME

Les semi-conducteurs organiques (OSCs) sont des matériaux prometteurs pour la
production a faible coflit de dispositifs électroniques imprimés flexibles et de grandes
surfaces. Dans ce contexte, le dopage moléculaire permet de controler les propriétés
électriques des OSC, offrant un outil puissant pour améliorer les performances de différents
dispositifs électroniques. Malgré les progres dans la compréhension fondamentale du
mécanisme de dopage et de leurs procédés, la stabilité des OSC dopés p ont recu peu
d'attention. Or, la stabilité de 1'état dopé p en présence d'oxygene et d'humidité est un

facteur crucial pour l'intégration de couches dopées dans des dispositifs organiques.

Dans cette these, nous avons étudié le dopage moléculaire de semi-conducteurs polymeres
désordonnés et la stabilité du dopage p en présence d'oxygene et d'especes liées a 1'eau.
PBDTTT-c et RRa-P3HT ont été utilisés comme matrice de polymeres et FATCNQ et
Mo(tfd-COCF3); comme dopants de type p. Les parametres du procédé de dopage ont été
soigneusement étudiés pour obtenir un dopage controlé et optimiser les propriétés
électriques. L'impact de la concentration de dopant a été étudié en termes de propriétés
électriques (conductivité), optiques (UV-Vis-NIR) et structurelles (GIWAXS).

La stabilité de 1'état dopé p a été analysée en surveillant 1'évolution des signatures de
dopage sous trois atmospheres différentes : 1'argon, 1'air anhydre et 1'air ambiant. Des
analyses XPS ont été effectuées pour étudier l'impact de l'exposition a l'air sur 1'état

chimique des couches dopées p. Des simulations ont été utilisées pour étayer nos résultats.

Les résultats actuels ont mis en évidence la présence d'un mécanisme de dédopage

important pour les polymeres semi-conducteurs dopés-p en présence d'especes liées a 1'eau.

Mots clés: Electronique organique, polymeres w conjugués, dopage p, dopage moléculaire,
stabilité a 1'air.
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GENERAL INTRODUCTION

GENERAL INTRODUCTION

We live in an electronic world. Advances in electronic technology positively impacted our
lives in terms of comfort, mobility, leisure but also security and health. New needs and
markets continuously arise to supply and support this development. Flexible and
conformable electronic components, with transparent displays and smart packaging, will
be part of the Internet of Things (IoT) era'. Flexible electronics are also of great interest
for medical applications since they offer the possibility of wearable, implantable, and
biocompatible electronic devices®. In this context, despite the excellent performances, the
current electronic technology based on inorganic semiconductors (e.g. silicon-based devices)
is not adapted for the applications mentioned above due to their brittleness, thickness,
absence of transparency, incompatibility with organic tissues, etc. Besides, the resources
and methodologies used to manufacture inorganic electronic devices raise urgent questions

about their negative environmental impacts®.

To continue powering and developing this modern lifestyle, the world needs a significant
transition in its energy sources towards more sustainable solutions, to reduce our
environmental impact and replenish the resources we consume. Historical and current
energy systems are dominated by fossil fuels (coal, oil, and gas), which produce carbon
dioxide and other greenhouse gases, fundamental drivers of global climate change'. As a
result, the energy transition is one of the 21st century’s major challenges. Considering that
60% of the total greenhouse gas emissions originate from energy demand and supply,
the investigation and promotion of low-carbon energy sources are primordial®. In this
context, organic semiconductors offer a huge potential for an energy transition towards

clean and green solutions with an ultra-low carbon footprint.

The discovery of organic materials with semiconducting properties in the late 1970s by A.
J. Heeger, A. G. MacDiarmid and H. Shirakawa was awarded the 2000 Nobel Prize in
Chemistry and initiated a new technological era®. These organic small molecules and
polymers can be used for a variety of applications in technical industries (e.g. circuitry,
energy harvesting/storage, etc.) and medical applications (e.g. bioelectronics for sensors,
tissue scaffolds for tissue engineering, etc.)*". Besides these diverse applications, the use of
organic materials to build electronic devices offers a more sustainable and affordable
approach compared to silicon-based electronics: the materials are synthesized rather than
mined from the earth, and the ending devices are biodegradable or recyclable®.
Additionally, organic semiconductors can be processed using solution printing techniques
on glass, plastic, paper, metal, almost any type of substrate with a low thermal budget’.
Finally, the next generation of flexible, low weight, transparent, and eco-friendly electronics

devices can be fabricated with these organic materials.

Nevertheless, major limitations are still hampering the growth and industrial development
of organic electronics. Achieving performant and stable devices, which are compatible with

large scale printing techniques is the major challenge to be considered in the years to come.
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In this context, molecular doping emerged as a potential technique to improve the
performance of organic electronic devices since it allows manipulating the electrical
properties of OSCs, for instance improving transport properties as well as electrical contacts
of devices. Even though the doping process has been used for years in inorganic
semiconductors, the underlying principles are fundamentally different for OSCs. To
overcome the lack of understanding and consequently improve the doping efficiencies, the
research over the last years mainly focused on the fundamental principles governing the
molecular doping of OSCs. Very little attention was given to the stability of p-doped OSCs
under ambient air, although it is a crucial aspect for the future integration of these
materials into commercial organic devices. Air instability is commonly associated with
electron trapping and oxidation of materials with low ionization energies (IE)"!. Not
surprisingly, the existing studies on the stability of molecular doped OSCs consider mainly
n-doped OSCs. However, hole traps are also present in conjugated polymers and have

recently received more attention in the literature.

In this context, this thesis aims to investigate the potential of p-doped semiconducting
polymer for the industrial development of flexible electronic devices, where performance,

stability, and scalability are essential aspects.

The first chapter introduces the basis to appreciate the context and objectives of this Ph.D.
thesis. A brief theoretical background on organic semiconductors (OSCs) will be provided
and the principles, mechanisms, applications, and challenges of doped OSCs detailed, before

presenting the motivations and main objectives of this work.

In the second chapter, we present a detailed study of the doping process by solution-based
techniques, aiming to achieve controlled and reproducible results. The initial electrical,
optical, electrochemical, and structural properties of pristine materials will be
characterized, the optimization of the doping conditions detailed and the doping signatures

discussed.

The third chapter will focus on the stability of the p-doped state under different
atmospheres. An extensive state-of-the-art survey air-related hole and electron traps will
be provided. The stability of the doping signatures under different atmospheres will be
presented and potential degradation mechanisms discussed. Simulations will be used to

help understanding our experimental results.

To conclude this thesis, we will summarize the major achievements and suggest outlooks

based on the progress of this work.




INTRODUCTION GENERALE

INTRODUCTION GENERALE

Nous vivons dans un monde électronique. Les progres des technologies ont eu un impact
positif sur nos vies en termes de confort, de mobilité, de loisirs mais aussi de sécurité et de
santé. De nouveaux besoins et de nouveaux marchés surgissent continuellement pour
stimuler ce développement. Par exemple, 1'Internet des objets (IoT) encourage le
développement de composants électroniques flexibles et conformables, avec des écrans
transparents et une encapsulation adaptée'. L'électronique flexible présente également un
grand intérét pour les applications médicales, car elle offre la possibilité de réaliser des
dispositifs électroniques portables, implantables et biocompatibles?. Dans ce contexte,
malgré ses excellentes performances, la technologie électronique actuelle a base de semi-
conducteurs inorganiques (par exemple les dispositifs a base de silicium) n'est pas adaptée
aux applications mentionnées ci-dessus en raison de leur fragilité, leur poids, leur absence
de transparence, leur incompatibilité avec les tissus organiques, etc. Par ailleurs, les
ressources et méthodologies utilisées pour fabriquer ces dispositifs électroniques

inorganiques soulévent aussi des interrogations sur leur excessif impact environnemental®.

Pour continuer a alimenter et a développer ce mode de vie moderne, le monde a besoin
d'une transition de ses sources d'énergie et de ses modes de consommation vers des solutions
plus durables, permettant de réduire notre impact environnemental et de reconstituer les
ressources consommées. Les systemes énergétiques historiques et actuels demeurent
dominés par les combustibles fossiles (charbon, pétrole et gaz), qui produisent du dioxyde
de carbone et d'autres gaz a effet de serre, moteurs fondamentaux du changement
climatique mondial®. Par conséquent, la transition énergétique est 'un des défis majeurs
du XXle siecle. Considérant que 60% des émissions totales de gaz a effet de serre
proviennent de la demande et de 1'offre d'énergie, la recherche et la promotion de sources
d'énergie a faible émission de carbone sont primordiales’. Dans ce contexte, les semi-
conducteurs organiques (OSCs) ont un énorme potentiel pour la transition énergétique,

pour des solutions plus propres a tres faible empreinte carbone.

La découverte de matériaux organiques aux propriétés semi-conductrices a la fin des années
1970 par A. J. Heeger, A. G. MacDiarmid et H. Shirakawa a donné lieu au prix Nobel de
chimie 2000 et a lancé une nouvelle ére technologique®. Ces petites molécules et polymeres
organiques peuvent étre utilisés pour une variété d'applications dans les industries
techniques (par exemple, circuits, récupération / stockage d'énergie, etc.) et les applications
médicales (par exemple, bioélectronique pour capteurs, échafaudages tissulaires pour
l'ingénierie tissulaire, etc.)*". Outre ces différentes applications, 1'utilisation de matériaux
organiques pour construire des appareils électroniques offre une approche plus durable et
plus abordable par rapport a 1'électronique a base de silicium : les matériaux sont
synthétisés plutdt que extraits de la terre, et les dispositifs finaux sont plus facilement
biodégradables ou recyclables®. De plus, les semi-conducteurs organiques peuvent étre
traités en utilisant des techniques d'impression sur une grande variété de substrat : verre,

plastique, papier, métaux, presque tous les types de substrat’. En conclusion, la prochaine
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génération d'appareils électroniques flexibles, 1égers, transparents et écologiques pourrait

étre fabriquée avec ces matériaux organiques.

Néanmoins, des limitations majeures entravent toujours la croissance et le développement
industriel de 1'électronique organique. Réaliser des dispositifs performants et stables,
compatibles avec les techniques d'impression a grande échelle demeure le défi majeur pour

cette technologie pour les années a venir.

Dans ce contexte, le dopage moléculaire est apparu comme une technique intéressante pour
améliorer les performances des dispositifs électroniques organiques car il permet de modifier
les propriétés électriques des OSCs, par exemple en améliorant les propriétés de transport
ainsi que les contacts électriques des dispositifs. Méme si le processus de dopage est utilisé
depuis des années dans les semi-conducteurs inorganiques, les principes sous-jacents sont
fondamentalement différents pour les OSCs. Pour pallier le manque de compréhension et
par conséquent améliorer 1'efficacité du dopage, les recherches ces dernieres années se sont
principalement concentrées sur la compréhension des principes fondamentaux régissant le
dopage moléculaire des OSCs. Tres peu d'attention a été accordée a la stabilité des OSCs
dopés p sous l'air ambiant, bien qu'il s'agisse d'un aspect crucial pour l'intégration future

de ces matériaux dans des dispositifs organiques commerciaux.

L'instabilité a 1'air est généralement associée au piégeage d'électrons et a l'oxydation de
matériaux a faibles énergies d'ionisation (IE)""!. En conséquence, les études existantes sur
la stabilité des OSCs dopées concernent principalement le dopage de type n. Cependant,
les pieges a trous sont également présents dans les polymeres conjugués et ont récemment

recu plus d'attention dans la littérature.

Dans ce contexte, cette theése vise a étudier les potentialités du dopage p des polymeres
pour le développement industriel de dispositifs électroniques flexibles, ou la performance et

stabilité sont des aspects essentiels.

Le premier chapitre introduit les bases pour apprécier le contexte et les objectifs de ce
travail de doctorat. Un bref rappel théorique sur les semi-conducteurs organiques sera
fourni et les principes, mécanismes, applications et défis des OSCs dopés seront présentés,

avant de préciser le sujet et les objectifs de cette these.

Dans le deuxiéme chapitre, nous présentons une étude détaillée du processus de dopage en
solution, visant a obtenir des résultats controlés et reproductibles. Les propriétés
électriques, optiques, électrochimiques et structurelles des matériaux vierges seront
caractérisées, 1'optimisation des conditions de dopage détaillée et les signatures de dopage

discutées.

Le troisieme chapitre se concentrera sur la stabilité de 1'état dopé p sous différentes
atmospheres. Un état de I'art concernant les pieges a électrons et a trous sera présenté. La
stabilité des signatures de dopage sous différentes atmospheres sera exposée et les
mécanismes de dégradation potentiels discutés. Des simulations seront utilisées pour aider

a mieux comprendre les résultats expérimentaux.
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Pour conclure cette these, nous résumerons les principales réalisations et proposerons des

perspectives basées sur l'avancement de ces travaux.




INTRODUCTION AND FOUNDATIONS

This first chapter introduces the basis to appreciate the context and motivation of this
work, and also the results of the experimental chapters. Principles, mechanisms,
applications, and challenges of organic semiconductors and molecular doping are presented,
before highlighting the main objectives of this thesis.
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CHAPTER 1 - INTRODUCTION AND FOUNDATIONS

1.1 ORGANIC SEMICONDUCTORS

Organic semiconductors (OSCs) are mostly composed of highly abundant atoms (e.g. C, S,
O, N) and, therefore, capable of addressing the increasing demand for environment-friendly
products due to the absence of scarce and toxic heavy metals”. These carbon chains can be
processed either by evaporation or via solution. In both cases, deposition techniques
enabling large-area and continuous deposition can be used’. Another advantage in terms
of processing is short and low-temperature treatments. Besides, organic semiconductors
have high absorption coefficients in the visible range, offering the possibility to develop
very thin photodetectors and photovoltaic cells'?, meaning low material consumption. All
these aspects allow a reduction of the overall manufacturing costs, justifying the appellation
of low-cost technology. This term is used especially in comparison to inorganic
semiconductors such as silicon, which presents an energy-intensive production, resulting in

expensive fabrication costs.

Figure 1.1 - Examples of organic electronic devices: a) OPV Solar Trees at EXPO 2015, (source:
OPVIUS), b) Organic solar cell (source: Heliatek), ¢) organic photodiode (source: ISORG), d)
organic solar cells (source: Armor), and d) example of printed electronic circuits (source: CEA tech).

This new generation of semiconductors allows the fabrication of ultrathin, lightweight, and
transparent devices. Besides, the low fabrication temperatures and the mechanical
tolerance of organic materials allow the use of flexible substrates and, consequently, the
fabrication of flexible and conformable devices. These advantages are particularly

exploitable for portable or wearable technologies®!.

Nevertheless, the interest in organic semiconductors is not only related to the technological
aspects described above, but also to their versatility. The structure of organic
semiconductors can be easily modified by chemical synthesis, for example, to tailor
electronic properties such as the desired emission wavelength, to render it soluble, to

improve the thermal stability or the mechanical robustness, etc. In addition, esthetic

8
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applications also benefit from the possibility of adapting the color and the transparency of
devices.In Figure 1.1, some examples of prototypes are given to illustrate the potential

of organic electronic devices.

In the following, we present a brief review of definitions and basic principles of solid-state
physics to recall the theory that gives rise to the semiconductor behavior. Then, organic
semiconductors are introduced and their particular properties are highlighted, followed by
some examples and an introduction to the solution processing techniques. Last, some
degradation mechanisms of OSCs in the presence of light and air are discussed before
presenting a discussion on the actual challenges and highlighting the interest of molecular

doping for the development of organic electronic devices.

1.1.1 Principles of organic semiconductor

Band diagram and electronic energy levels

Semiconducting materials are the basis of electronic devices. They offer the possibility of
controlling the behavior of charge carriers by applying an electrical field, light irradiation,
doping, etc. These tunable electrical properties of semiconductors allow, for example,
passing current more easily in one direction than the other, having variable resistance and
also being sensitive to light and heat. In other words, amplification, switching, energy
conversion, among other useful features, can be explored with these materials. Thus, diodes,
transistors, integrated circuits, and all modern electronics are fabricated thanks to the

semiconductors and their unique electrical properties.

From solid physics, semiconductors are defined as materials presenting electrical
conductivities between that of a conductor (e.g. metallic copper) and an insulator (e.g.
glass). The electrical conductivity describes the ability of a solid material to drive charge
carriers (particles or quasi-particles that carry electric charges) in the presence of an
external field. Charge carriers can be ions, electrons (if the charge is negative) or holes (if
the charge is positive). Pristine semiconductors present a relatively low electrical
conductivity which is, however, sensitive to a range of external factors such as temperature,
illumination, magnetic fields, etc. Below, the origin of the high conductivity of metals, the
low but variable electrical conductivity of semiconductors, and the extremely low

conductivity of insulators is reviewed.

Solid materials are composed of a large number of atoms strongly bound together. In
ordered materials, atomic positions are well defined. The electronic structure of such an
atomic pattern can be described by the interaction of electron wave functions. As a
consequence of the Pauli’s exclusion principle, the interaction between atoms results in a
splitting of energy levels: a lower-energetic binding and a higher energetic anti-binding
energy level. The spacing between these energy levels decreases with increasing the number
of atoms in interaction. In ordered solids, the closely spaced energy levels can be
approximated to a continuum and obey the band theory'. A quasi-continuum of allowed

levels is called a band, while the absence of level is a bandgap. In inorganic materials, the
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highest energy band occupied with electrons is called valence band (E,), whereas the lowest
unoccupied band is called conduction band (E.). Their equivalent in organic
semiconductors (OSCs) are the Highest Occupied Molecular Orbital (HOMO) and the
Lowest Unoccupied Molecular Orbital (LUMO), which are further discussed in the next
section. The energy required for an electron in the valence band (HOMO) to be excited

toward the conduction band (LUMO) is commonly referred to as E¢'.

Figure 1.2 illustrates the band diagram of an insulator, a pristine semiconductor, and a
metal. There are some important definitions to be clarified before highlighting the
differences between each class of material (Figure 1.2a). First, all energy levels are

117, Since

referenced to the vacuum level (Evac), also known as the local vacuum leve
electrons are naturally bound to the solid, Evac corresponds to the energy barrier that
needs to be overcome by an electron, at the surface of the material (with zero kinetic energy
with respect to the latter), to escape to vacuum. In this context, the ionization energy (I1E)
is defined as the minimum energy necessary to remove an electron from a material and
corresponds, therefore, to the energy difference between Evac and the VB (HOMO) edge.
Conversely, the energy difference between Eyvac and the CB (LUMO) edge, i.e. the energy
gained by adding an electron from the vacuum level to the lowest unoccupied state,
corresponds to the electron affinity (EA) of the material. Another important definition is
the Fermi energy Ep, which describes the statistical energy at which the occupation
probability is exactly 50%. The distance between the Evac and the Fermi level is called
work function WF, which represents the energy barrier that prevents an electron at Er

from escaping to vacuum.

a b
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Figure 1.2 —Fnergy diagram of a semiconductor with several important denominations (a):
Conduction and valence band (CB and VB, respectively and their edges. For organic semiconductors
CB edge corresponds to LUMO and VB edge to HOMO), energy gap (Ec), vacuum level (Evac),
work function (WF), ionization energy (IE) and electron affinity (EA). Illustration of band diagrams
of a metal, a semiconductor, and an insulator (b).

In conductors, if the temperature is above absolute zero, Er lies in the conduction band.
In other words, the VB is only partially occupied, meaning that there are several empty

states and electrons can move freely, resulting in high electrical conductivities (Figure

1.2b, left). Semiconductors present a completely occupied VB, which is separated by an
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energy gap Ec from the completely empty CB (Figure 1.2b, middle). In an intrinsic
semiconductor, the Er is located in the middle of the bandgap, allowing electrons to
populate CB upon excitation. Depending on the bandgap width, the temperature, and the
doping conditions, the conductivity of semiconductors may vary from 10 to 10" S.cm™ **,
Note that pure semiconductors are insulators at absolute zero, with a conductivity that
increases with temperature. If the bandgap is larger than 3 eV, the material is commonly
referred to as an insulator (Figure 1.2b, right). The difference between insulators and
semiconductors is that the former requires unfeasibly large energy to raise charge carriers
to an energy level at which it might conduct. Hence, regardless of the conditions, an

insulator is characterized by a poor conductivity below 10* S.cm .

Until the end of the XX century, semiconductors were represented by inorganic materials
such as Silicon (Si), Germanium (Ge), Gallium-Arsenide (Ge-As), etc. These highly
ordered materials were deeply studied, allowing scientists to build a solid understanding of
semiconducting materials and devices”. The discovery of organic materials with
semiconducting properties in the late 1970s by A. J. Heeger, A. G. MacDiarmid and H.
Shirakawa initiated a new technological era®. The next section aims to give an overview of
the semiconducting properties of OSCs and some important aspects of this class of

materials.

Conjugated polymer chains

As the name indicates, OSCs are mainly composed of carbon (C) and hydrogen (H).
Usually, additional heteroatoms such as oxygen (O), nitrogen (N), fluorine (F), or sulfur
(S) are also added to the backbone to manipulate their optical and electrical properties.
Organic semiconductors can be classified into two classes: small molecules and polymers.
Small molecules are composed of one or a few monomers, whereas polymers are large
molecules, or macromolecules, composed of several repeated subunits (monomers).
Consequently, small molecules present lower molecular weight than polymers and,
therefore, can be easily evaporated. The size and weight of OSCs have an important impact
on the processing conditions as well as on the crystallinity of thin layers'®. Generally
speaking, small molecules are processed by evaporation under vacuum and present a better
crystallinity than polymers, which are solution-processed with techniques such as spin-
coating, inkjet printing, slot dye coating, etc. (see section 1.1.2 for printing techniques).
This thesis studies semiconducting polymers chains since we are interested in using
solution-processable deposition techniques, which offer advantages in terms of costs and
simplicity. In the following, the semiconducting properties of polymers are reviewed, from
the atomic scale up to thin polymer layers, to highlight important aspects of this class of

semiconductors.
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Figure 1.3- Schematic representation of several important morphological and energetic aspects of
organic semiconductors.

The semiconducting properties of polymer chains originate from the alternation of single
(o) and double (m) bonds, called m-conjugation®. This can be better understood when
looking at polymer chains at the atomic scale, with the respective atomic orbitals (Figure
1.3, top left). Depending on the neighboring atoms, carbon can have three different
hybridization configurations: sp, sps, and sps. In conjugated carbon chains, carbons present
their sp, configuration, meaning that one s and two p orbitals hybridize. The third p orbital
(p:), corresponding to the fourth valence electron, remains non-hybridized. The sp, orbitals
are responsible for three o-bonds with neighboring atoms (yellow orbitals, Figure 1.3) and
are oriented in the plane of the carbon backbone. This is not the case of the non-hybridized
p. orbital (blue orbital, Figure 1.3), which is oriented perpendicularly to the carbon
backbone. The overlapping of neighboring p, orbitals forms m-bonds. Due to Pauli’s
exclusion principle, which states that two electrons cannot occupy the same quantum state,
o and n-bonds in conjugated polymer form bonding (o, n) and antibonding (o*, n*) states,

(Figure 1.3, bonding and antibonding states)?.

When extending such a system over several carbon units (Figure 1.3, middle left), the
electrons in the p, orbitals will become delocalized over several carbon units and give rise

to a so-called m-band. Due to the symmetry breaking of C-C bond lengths in conjugated
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polymer chains (Peierl’s instability), the evolution of the m-band results in fully occupied
1 orbitals and unoccupied m* orbitals, separated by a gap®. This gap decreases with
increasing the number of carbon atoms in a conjugated chain, i.e. of m and r* levels (Figure
1.3, bandgap formation). In conjugated polymers, the energy gap separating m orbitals
from m* is in the order of a few eV (< 3 eV), characteristic of semiconductors. Hence, the
motion of delocalized m-electrons (excited from m to m*) gives rise to semiconducting

properties in conjugated polymer chains.

Different from inorganic semiconductors, the electronic structure of OSCs is more
accurately described by the molecular orbital theory, implying discrete energy levels instead
of energy bands. In this context, the HOMO level, resulting from the overlapping of n
orbitals, can be approximated to the valence band edge. Analogically, the LUMO level,
resulting from the overlapping of * orbitals, can be approximated to the conduction band
edge®. Thus, the electronic band gap (E,) of organic semiconductors is defined by the
HOMO-LUMO difference.

When considering several segments of a conjugated carbon chain, the effective length where
carriers can be delocalized is called the conjugation length. Generally speaking, reducing
the overlapping of m-orbitals hinders the mobility of charge carriers. However, differently
from the strong covalent bonds in inorganic semiconductors, conjugated polymer chains
interact only weakly by Van-der-Waals forces. Thus, these carbon chains present a
relatively high conformational freedom, which may lead to variations in bond lengths, bent
or twisted segments, etc. As a result, these materials are rather disordered concerning
positional but also energetic order, resulting in local variations of HOMO and LUMO levels
among different chain segments. Therefore, instead of a band edge, HOMO and LUMO
levels often present a Gaussian distribution of the Density Of States (DOS), as illustrated
in Figure 1.3, where higher disorder leads to broader distribution of energies and shorter
conjugations length®. The presence of atomic or molecular disorder, as well as impurities,
may also result in traps, i.e. electronic states in the gap of the semiconductor. As the word
suggests, once an electron or a hole gets trapped, they no longer participate in the

conduction. Traps that are near the middle of E¢ are referred to as deep traps.

In terms of charge transport, this energetic disorder results in transport barriers to the
delocalized electrons. In order to move, charge carriers must hope between localized inter
or intramolecular states. Figure 1.3 (bottom left) presents a conceptual illustration of the
mechanism of charge transport by hopping in m-conjugated polymer chains, where the
rectangular sections represent the conjugation length, separated by regions that are bent
or twisted, or that have chemical defects that disrupt the conjugation. There are different
transport models for OSCs, depending mainly on the organization, i.e. crystallinity of the
material. For more information, a review of the existing mechanism was recently published
by Liu et al**. In general, higher crystallinities result in an increased overlap of m-orbitals,

fewer traps, and consequently higher mobility®. This is why amorphous polymers have
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particularly low mobility. Hence, favoring intramolecular and intermolecular m-

interactions, such as m-stacking, improves the charge transport process.

Finally, the final properties of a conjugated polymer layer are highly dependent on the
morphology, which can be influenced or even modulated by synthesis strategies!'®*,
processing parameters®, post-treatments®, etc. Therefore, in this thesis, we carefully
investigated the impact of process parameters on the final properties of semiconducting
polymer layers. The morphology and aggregation of polymer chains are further discussed

in section 2.1.1.

Below, some examples and properties of conjugated polymers are discussed. Besides, we

introduce the conjugated polymers that were studied in this thesis.

Examples of conjugated polymers

Depending on the device and on the fabrication process, conjugated polymers with different
optical, electrical, thermal, or chemical properties are required. Propitiously, organic
chemistry offers the possibility of designing and synthesizing polymers with targeted
properties to fulfill the requirements in terms of performance and processability. In this
context, after the discovery of the semiconducting and conducting properties of conjugated
polymers in 1977 by A. J. Heeger, A. G. MacDiarmid and H. Shirakawa’, several studies

have been carried out to develop convenient and efficient semiconducting polymers.

According to its structure, an intrinsic OSC conducts favorably electrons (n-type) or holes
(p-type). This is related to the electronegativity of the functional groups or atoms present
in the backbone, giving rise to an unequal sharing of electrons within the molecule®. For
instance, the more electron-withdrawing groups (e.g. carbonyl, cyano groups, or
halogenated atoms), the higher the electron affinity of the polymer, since these acceptor
units will favorably conduct electrons (n-type material). On the other hand, if the molecule
is composed of electron releasing groups (e.g. alkyl, alcohol, or amino groups), its ionization
potential will be low and the molecule will favorably conduct holes (p-type material).
Therefore, tuning the functional groups greatly influences the energetic structure and

spatial distribution of the frontier molecular orbitals®.

Additionally, varying the m-chain torsion or adding alkyl chains of variable lengths will
impact the conformation, i.e. the overall structure disorder and, therefore, the charge
transport properties of OSCs. Besides, the addition of alkyl side chains improves the
solubility of conjugated polymer chains®| which is an important requirement for solution-
processed layers. For large-scale printing, OSCs should be soluble in non-toxic solvents,

e.g. halogen-free solvents or even green, environmentally friendly solvents.

Poly(3-hexylthiophene) (P3HT) is the most widely studied polymer, consisting of
polythiophene (PT) building blocks with alkyl side chains for improving the solubility
(Figure 1.4a, b)*. It is a p-type semiconducting polymer. P3HT can be synthesized in the
regiorandom (RRa) or regioregular (RR) form, which differs on the orientation of the alkyl
side chains, as illustrated in Figure 1.4c, d. In RR-P3HT, the regularly oriented alkyl side

14
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chains not only lead to fewer torsion angles in the polymer backbone, providing a longer
conjugated pathway for charge carriers but also allow a more ordered intermolecular
packing. Thus, semi-crystalline morphologies can be obtained with RR-P3HT, whereas
amorphous layers are obtained with RRa-P3HT. As a consequence, RR-P3HT presents a
substantial increase in the carrier mobility (0.05 to 0.1 cm® Vs!) compared with RRa-P3HT
(usually below 107 cm? Vs™)®.

a Polythiophene b Poly(3-hexylthiophene) (P3HT).

TOT :

¢ Regiorandom P3HT d Regioregular P3HT

d PBDTTT-c

Figure 1.4 - Chemical structures (a) Polythiophene, (b) Poly(3-hexylthiophene) (P3HT), and (d)
PBDTTT-c. Schematic representation of (c) regiorandom (RRa) and (d) regioregular (RR) poly(3-
hexylthiophene).

As mentioned above, P3HT layers have been widely studied in the literature since they
can be easily processed and exhibits good electrical properties in its semi-crystalline state™.
Besides, due to the ability to obtain amorphous and ordered domains with the same

composition, several research groups used P3HT to study the impact of morphology and
34-36

packing of polymer chain on the properties of thin layers and devices* *°. This conjugated

polymer can be considered as reference material in the field.

However, to increase the performance of organic devices, the synthesis of conjugated

20

polymers focused on improving their mobility® and tuning the absorption range in the

visible spectrum®**, among other properties. New building blocks have been synthesized to

address these issues, such as donor-acceptor (D-A) conjugated polymers. D-A polymers
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consist of at least two alternating moieties along the polymer backbone: an electron-rich
donor (p-type building block) and an electron-deficient acceptor (n-type building block).
Compared with homopolymers, i.e. polymers with only one moiety such as P3HT, the
design of D—A polymers present a clear advantage for tuning of energy bandgap (Ec) of
these semiconductors. As a result, these polymers allowed harvesting near-infrared energy
from the solar spectrum, despite presenting lower HOMO levels, which increased

considerably the power conversion efficiency (PCE) of organic solar cells®*%7.

Today, donor-acceptor (D—-A) conjugated polymers are within the state-of-the-art p-type
semiconducting polymers for OPV#. One example is the family of PTB polymers developed
by Liang et al., consisting in alternating thieno[3,4-b|thiophene (TT) and benzodithiophene
(BDT) units**".

In this work, we have chosen to study a D-A polymer of the PTB family, more precisely
PBDTTT-c, due to the potential of this class of D-A polymers for organic solar cells and
photodetectors. As a reference polymer, we also considered P3HT, which has been widely

34,38,39

studied in this neutral and doped state . The polymer choice is further developed in

section 1.3.

1.1.2 Processing of organic semiconductor

As mentioned previously in this chapter, OSCs can be deposited by vacuum techniques,
i.e. evaporation, or by solution-phase processes. In this work, the conjugated polymers are
solution-processed, due to the advantages in terms of costs and simplicity for upscaling
(large-scale production). Several techniques have been developed for processing conjugated
polymer layers from solutions: spin-coating, dip-coating, screen printing, inkjet printing,
etc. The variety of techniques attests to the versatility of solution-phase deposition. Here,
we will describe both techniques used in this work: spin coating and drop-casting. More

details on the other processes can be found in this review.

Spin coating is a technique particularly appreciated at the laboratory scale, where no
patterning is required and where processing a single substrate at the time is not
inconvenient. Despite the simplicity of setting up a spin coating process, thin and uniform
layers can be achieved with this technique. One may mention the waste of material as a
disadvantage, as a considerable amount of the deposited solution is spun off the substrate.
This waste can be minimized, for example, by using smaller volumes and spreading out the
solution manually before the rotation. However, this technique is usually not considered
for industrial scale, due to the limitations for continuous and scalable deposition processes,

but also the waste of material.
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Figure 1.5 —Schematic representation of the spin-coating deposition technique.

spreading out polymer layer

The spin coating process is illustrated in Figure 1.5. First, the polymer solution is applied
on the center of the substrate, which is held by a vacuum chuck (step 1). Then, the
substrate is rotated to spread the solution by centrifugal force while the excess spins off
the edges of the substrate (step 2). The rotation allows the formation of a homogeneous
layer with a controlled thickness but is also responsible for the solvent evaporation (step
3). The main parameter controlling the layer thickness is the rotational speed: faster
rotations result in thinner layers. Besides, the viscosity and concentration of the solution
will also influence the final layer thickness®*. For processing thicker layers, in the order of
a few pm, this technique is not well suited. Using higher concentrations combined with
slower rotations result in inhomogeneous layers with the so-called edge-bead effect, where
the fluid on the edges dries first and disturbs the flow of the remaining solution*. Thicker

layers were processed with the drop-casting technique in this thesis.

1 Solution Solvent 3 Final
Deposition evaporation polymer layer

¢

Figure 1.6 - Schematic representation of the drop-casting deposition technique.

Drop casting consists simply of spreading the solution over a substrate and allowing it to
dry under controlled conditions, as illustrated in Figure 1.6. The solvent evaporation can
be controlled by using solvents with a higher boiling point, or by using saturated solvent
environments, among other strategies®. Compared to spin coating, the slower drying time
can be beneficial to achieved layers with better crystallinities, especially for semi-crystalline

polymers.
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1.1.3 Stability of conjugated polymers

The stability of conjugated polymer and the resulting organic electronic devices is a
complex and broad subject. In this thesis, we aim to study the stability of p-doped
semiconducting polymer under ambient atmosphere, i.e. in the presence of oxygen and
water. In this context, this section presents two important degradation routes identified
for conjugated polymer layers in the presence of oxygen and light: photo-oxidation and
oxygen doping. In section 1.1.4, we also present a brief overview of the stability challenges
in organic devices (multilayer stacks). Besides, section 3.1 presents a detailed discussion on

the presence of water and oxygen traps and their impact on pristine and doped OSCs.

Photo-oxidation

OSCs are synthesized to absorb photons of the solar spectrum. Upon irradiation, electrons
will populate states with higher energies, i.e. excited states, which may lead to various
photophysical or photochemical processes. Note that processes that are energetically
unfavorable at ambient temperature (kT approx. 0.025 eV at 25°C) may rapidly take place
under UV-visible irradiation (approx. 4.95 eV at 250 nm). Primary photochemical reactions
can be classified as isomerization reactions (rearrangements), bond-forming reactions, or
bond-breaking reactions®. However, absorbed photons can also generate reactive species,
such as radicals or ions, which can further react with the polymer and result in bond

breaking. In other words, the light may initiate several degradation processes in conjugated

polymers.
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Figure 1.7 — Absorbance spectra of P3HT layers exposed to ambient atmosphere in the dark (a)
and under 1 sun illumination (b). Adapted from *.

In this context, important photochemical and photophysical processes have been reported
to degrade OSCs* *. For example, upon exposure to photo-oxidative conditions (presence
of light and oxygen), organic materials are susceptible to undergo degradation processes
that result in bleaching of the m-m* absorption, due to the loss of m-conjugation. In other

words, semiconducting polymers lose their ability to absorb light (see Figure 1.7).

Differently from ground-state oxygen, which can be seen as a non-reactive molecule, radical

oxygen species (e.g. superoxide radical anions O;) and/or singlet oxygen ('O.) are highly
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reactive species. Singlet oxygen corresponds to the lowest excited state of the diatomic
oxygen molecule (O,), which is kinetically unstable at ambient temperature and therefore
more reactive toward organic compounds’. Up to date, two oxygen-dependent photo-
degradation pathways have been highlighted in the literature for conjugated polymers: free-
radical oxidation and photo-oxidation through singlet oxygen generation**. Both

pathways are briefly described below.

In the free-radical oxidation process, once a free radical is introduced in a polymer, it
propagates in the materials and breaks conjugated bonds, which results in the bleaching of
the m-rt* absorption. This free-radical reaction is often initiated by the abstraction of
hydrogen of the polymer side chain by a free-radical (e.g. superoxide anion Os)™. Hence,
the free-radical is transferred to the polymer and its propagation is accelerated in the

presence of oxygen, which can diffuse throughout a polymer layer*+.

The second photo-oxidation mechanism identified in the literature involves the generation
of singlet oxygen ('O,), which further oxidizes the polymer. To explain this mechanism lets
introduce the definition of singlet and triplet excited states in OSCs. Upon absorption of
photons by an OSC, there are several possible excited states in terms of orbitals (LUMO,
LUMO +1...), configuration (distribution of electrons), and spin (parallel and antiparallel).
Regarding the latter, when the spin of the electron in the 7* orbital and that of the
remaining electron in the 7 -orbital are antiparallel, it is called a singlet-excited state (S),
whereas parallel spins correspond to triplet excited states (T). Triplet states are lower in
energy than singlet states. This terminology is correlated to the three different
arrangements of the spin wavefunctions in the case of triplets compared to one single
arrangement for singlets (For more details see'®). The generation of singlet oxygen is
associated with the molecular triplet state of OSCs, depending on their lifetime and
energy™2. In this photo-oxidation mechanism, the generated singlet oxygen species are

reactive towards the polymer backbone, leading to photo-oxidation.

Though the nature of the chemical bonding among OSCs is relatively similar, the
mechanism and the rate at which specific OSCs bleach can vary substantially*®.
Regarding the polymers studied in this thesis, for P3HT, it was shown that even though
singlet oxygen may react with this polymer, the photo-oxidation mechanism responsible
for the degradation of P3HT is the free radical process, starting at the polymer side
chains®*. On the other hand, for D-A polymers such as PTB7 (same family of PBDTTT-
¢), the photo-oxidation was shown to be mainly controlled by the 'O, attack.”. Compared
to P3HT, D-A polymers have shown to be relatively unstable to light under ambient

conditions®¥.

Last, the morphology of conjugated polymers was also reported to play an important role
in their photo-oxidative stability. For polymers that can be cast in both amorphous and
semi-crystalline morphologies, the semi-crystalline layers presented better stability***. The

film density was also correlated to the stability; denser films tend to be more stable to
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photo-oxidation, possibly because the molecules are more confined and oxygen is less able

to diffuse to reaction sites.*

Oxygen doping

Oxygen has shown to act as a p-dopant (acceptor level) for p-type conjugated polymers™
%, Unintentional doping can negatively affect the performance of devices where electronic
semiconductor properties are desired, for example, for ‘on—off’ characteristics of organic
field-effect transistors or the dark current of organic solar cells®®®. This unintentional
doping process consists of an electron transfer from the polymer to the molecular oxygen,
creating a free hole in the polymer, while the electron is trapped on an oxygen molecule.
In the dark, oxygen doping has shown to be relatively slow (several days to reach a heavy
doping level®). This slow equilibrium at room temperature can be associated with a
considerably large energetic barrier. In other words, the doping kinetics is not controlled
by the diffusion of oxygen through a polymer layer (within a few milliseconds for a 200 nm

P3HT layer) but rather by the doping process itself*.

Under illumination, the doping process is dramatically accelerated, as the absorption of a
photon by the polymer readily provides the activation energy necessary for the doping
process, accelerating the charge transfer process significantly™ . In this context, Zhou et
al. reported on photo-hole-doping of thiophene-based OSCs when exposed to ambient air
and light, where photo-excited LUMO electrons were injected into acceptor levels such
hydrated 0,(H:0), species™.

Oxygen doping was shown to be reversible upon oxygen desorption, which can be performed
under vacuum or annealing under a controlled atmosphere (e.g. argon, or nitrogen)* .
However, the reversibility of photo-assisted oxygen doping depends on the duration of
illumination, the oxygen concentration, and the wavelength, since photo-oxidation and
consequently irreversible degradations may occur for longer illumination periods in the

presence of UV™®,

In conclusion, the degradation mechanisms identified for conjugated polymer exposed to
ambient atmosphere and light are a critical aspect of the long-term stability of organic
devices. Existing solutions, such as encapsulations, are discussed in the following, where

we present an overview of the main challenges in the field of organic electronics.

1.1.4 Mains challenges

Despite the potential of semiconducting polymers for the next generation of electronic
devices, there are major limitations still hampering their growth and industrial
development. The main research axis over these last years concerned the performance.
Nevertheless, this is not the only criterion hindering the industrial development of flexible
electronic devices. The stability and the compatibility with large scale printing techniques,
i.e. the scalability, are also major issues to be considered in the years to come. These three

aspects are discussed separately below.
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Performance

One actual challenge consists in improving the electrical properties of conjugated polymers.
Due to the weak intermolecular interactions, polymer layers are subjected to disorder,
which directly affects the transport of charge carriers®®. As a consequence, the carrier
mobility of RR-P3HT is over three orders of magnitude lower than the one in a silicon
crystal”. Over the last decades, many efforts have been directed at improving the
performance of organic optoelectronic devices. If we consider the development OPV, in
2005 the obtained power conversion efficiency (PCE) was in the order of 4-5%, whereas
today several groups achieved PCE beyond 15% *. These performance improvements
reflect the progress in terms of synthesis®, control of morphology Y, interfaces™®, to

mention a few examples.

Regarding interfaces, the quality of electrical contacts is an important aspect for all types
of devices®. A good interface between the semiconducting active layer and the electrodes
assures an efficient injection and collection of charges. In this context, doped conjugated

polymers are of great interest to provide efficient ohmic contacts in electronic devices.

Scalability

As one might imagine, fabricating 1mm? devices is considerably different from, for example,
Im? devices. The transfer of technology from a spin coating fabrication inside a glovebox
to a large area roll-to-roll (R2R) printing in the ambient atmosphere is challenging®. To
be compatible with printed electronics, i.e. large scale production, the fabrication processes
of materials and devices should be scalable, reliable, and cost effective®™. Over the last
years, some companies started the challenge of large scale fabrication of organic devices.
One can mention OPVIUS and Armor for printed organic solar cells, Heliatek for

evaporated ones, and ISORG for organic photodetectors.

In terms of materials, the first challenge concerns the actual price of the raw materials. For
example, conjugated polymers with high performances usually require several synthesis
steps and present low yield, which directly impacts their price. To lower the prices, the
polymer synthesis should focus on fewer steps and higher yields. Besides, the price of raw
polymers is strictly related to demand. Increasing the production volume is also an effective
way of reducing the price of a product. However, the latter depends on the
commercialization of organic devices. The second challenge in terms of material concerns
the batch-to-batch reproducibility, since a high quality control of devices is required for

industrial-scale production.

Now if we consider the processing, despite the challenge of achieving homogeneous layers
in large areas, there are other important requirements for a process to be scalable. First,
to agree with the industrial standards concerning the toxicity of the solvent, they should
be halogen-free. Note that several high performing polymers are processed from halogenated
solvents due to their poor solubility in halogen-free solvents. However, halogenated solvents
are classified as carcinogenic and their use at an industrial-scale is restricted®. Another

important requirement concerns the drying process: low temperature and quick drying
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processes should be favored. Last, the materials should be air processable, i.e. stable at
least for short periods of air exposure between different processing steps®. The need of air

stable OSCs is further discussed in the following.

Finally, to be compatible with large scale production, conjugated polymers do not
necessarily need record performances. However, they should present a simple synthesis
route, reproducible performances, solubility in halogen-free solvents, simple and low-

temperature drying process, and air stability.

Stability and lifetime of devices

Organic devices are commonly composed of a stack of several layers, including mainly a
semiconducting active layer sandwiched between electrodes. Often, additional interlayers
are included between the active layers and the electrodes (called buffer or blocking layers),
to improve the interfaces and the charge collection/injection in the device. Hence, the
stability of organic devices involves not only the stability of individual layers towards the
fabrication and working conditions (ambient atmosphere, light, and heat) but also the
stability of the device as a whole and the interfaces rising from the stacking of different

layers.

The permeability of organic layers allows water and molecular oxygen to diffuse through
the material and/or device. Therefore, when exposed to ambient conditions, organic
semiconductors may undergo chemical reactions leading to significant performance loss
over time® %", Oxygen and water are known to react with the low work function materials,

46,65

degrading electrical contacts of devices™®. Also, photo-oxidation mechanisms can take

place in the presence of oxygen and light, where polymers lose their ability to absorb light

(see section 1.1.3)%%

. Water was also reported to create an insulating metal oxide layer in
the interface between the electrode and the active layers of devices®™. These are only some
of the existing degradation routes highlighted in the literature when exposing organic
devices to ambient air. A detailed discussion on the impact of oxygen and water traps on

the stability of conjugated polymers is presented in chapter 3.

To increase the long-term stability of organic devices, encapsulation is required. Although
glass encapsulation is effective to prevent water vapor and oxygen permeation, it renders
the device rigid and heavy. Thus, thin-film encapsulation is widely studied to offer an
effective gas barrier while preserving the flexibility of organic devices®. This is a viable
alternative when devices can be prepared under inert atmosphere (argon or nitrogen) and
encapsulated before exposing them to working conditions. However, for large-scale
fabrication, it is important to have materials that are stable for short periods of air
exposure, as technically it is complicated and expensive to consider a production line under
an argon or nitrogen atmosphere. Besides, encapsulations are not perfect barriers against

0910 They will slow the extrinsic degradation mechanism, but these

oxygen and water
species will eventually enter the devices. In this context, improving the air-stability of

organic devices is a crucial aspect for their future commercialization.
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However, the ambient atmosphere is not the only critical degradation factor. Even when
protected from atmospheric species, light and heat can provide sufficient stress to induce
degradation in organic devices. The working temperature of organic devices is normally far
below the decomposition temperature of active materials, but several heat-induced physical
degradations have been observed®™. Due to the absence of strong covalent bonds between
polymer chains, they present some extent of mobility, especially when the environmental
temperature is higher than their glass transition temperature (T,). Thus, the heat might
induce molecular rearrangements that can lead to phase separation in active layers
(metastable morphologies)™™, or diffusion of atoms and/or molecules in the device™.
Additionally, photochemical reactions can also result in light-induced degradations in
conjugated polymer®. Hence, considering the intrinsic stability is also an important step of
stability studies, as the discussed mechanisms are also detrimental for the performance or

organic devices.

Last, interfaces are also a critical aspect of the stability of organic devices. Despite the
significant performance improvement of organic devices by the addition of interlayers, their
stability is still an important research subject. For example, electron contacts are often
subjected to air instability due to their low ionization potentials (IP)'"™. Regarding the
hole contacts, despite their higher IP, the commonly used PEDOT:PSS has also been

identified as critical for the long-term stability® ™.

Here, we only mentioned a few of the degradation mechanisms identified in the literature.
Nevertheless, this brief discussion aimed to introduce the complexity and importance of

studying their intrinsic and extrinsic stability of individual layers and devices.

In conclusion, the main challenges for the years to come can be divided into three axes:
performance, stability, and scalability of organic devices. These three aspects are considered
in this thesis to explore the potential and the limitations of molecular doped conjugated
polymers for organic electronic devices. In the following section, despite providing a
background knowledge in doped semiconductor, we present a broad overview of the
interest, advances, and challenges in the field of molecular doped OSCs, before presenting

the motivation and main objectives of this thesis.
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1.2 MOLECULAR DOPING OF ORGANIC SEMICONDUCTORS

Despite the potential of OSCs for the next generation of electronic devices, there are still
some challenges that need to be overcome to launch the commercialization of these devices
(see section 1.1.4). Over the last years, increasing the performance of OSCs and,
consequently, organic electronic devices has been the main focus of scientists in the field,
motivated by the limited mobility of charge carriers® and the poor electrical contacts of
the metal/OSC interfaces®.

In this context, electrical doping was an important technological breakthrough for the
performances of inorganic semiconductors and, consequently, for the multitude of electronic
devices present in nowadays society™. Electrical doping is a mature technology for inorganic
semiconductors and allows controlling or even tuning their electrical properties by
increasing the concentration of free charge carriers in the material. Thus, aiming to achieve
better performing organic devices, scientists studied techniques to doped OSCs. However,
due to the significant chemical and physical differences of inorganic and organic
semiconductors, the doping process of OSCs is fundamentally different from the controlled
and commercialized doping process of inorganic semiconductors. Therefore, this section
aims to provide background knowledge on the principles, mechanisms, and challenges of

the doping process in OSCs.

1.2.1 Introduction to doped semiconductors

Electrical doping is a powerful technique to tune the electrical properties of semiconductors.
This brief introduction will present the basic concepts of the doping process for inorganic
semiconductors to allow a better understanding of the differences and challenges when
doping OSCs.

As mentioned above, doping consists in increasing the concentration of free charge carriers
in the semiconductors, which is an efficient approach to control the electrical conductivity
of the material. As presented in Equation 1.1, the electrical conductivity (which is the
reciprocal of the electrical resistivity) depends on the charge carrier concentration
(electrons n and holes p) and their mobility (u, for electrons and ppfor holes). Hence, it
can be defined as a sum of two terms, corresponding to the two types of charge carriers,

where e is the elementary charge:

1
o= E = ney, + peup, Equation 1.1

In inorganic semiconductors, the doping process consists in adding small amounts (ppm)
of dopant atoms with a different number of valence electrons compared to the host atoms,
i.e. the semiconductor. More precisely, atoms having more valence electrons than the
semiconductor are n-dopants (also called donors) and, analogically, atoms with fewer
valence electrons are p-dopants (also called donors). Thus, through covalent interactions

between dopant and host atoms, electronic “defect” states arise inside the fundamental gap
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of the semiconductor as illustrated in Figure 1.8. For n-doping, the “defect” state
corresponds to a donor level slightly below the CB edge whereas for p-doping it corresponds
to an acceptor level slightly above the VB edge. Exciting electrons from or to the dopant
level and consequently creating free charge carriers requires only a few tens of meV, which
is considerably less than the energy gap of the semiconductors’. Consequently, dopants
are ionized at room temperature, increasing the density of mobile electrons (n-type doping)

or holes (p-type doping) that contribute to the conduction in the semiconductor.

CB CB CB
—e 7I New
Donor level bandgap T
E E E E
F F G F Acceptor level
l o New
O- bandgap
VB VB VB
n-Type Pristine p-Type
doping semiconductor doping

Figure 1.8 — Schematic representation of the n-type and p-type doping in inorganic semiconductors.

Despite the increase in conductivity, there is a second consequence of the doping process
that is particularly important for the fabrication of devices: the fermi level (Er) shift. By
increasing the density of charge carriers in the conduction or valence band, the doping
process changes the Fermi-Dirac occupation statistics in the semiconductor. As a result, a
shift of Er towards the VB (p-type doping) or CB (n-type doping ) is observed™. Thus, the
doping processes also allows tuning the WF of the semiconductor, which is an important

tool for engineering surfaces and improving electrical contacts in devices (see section 1.2.6).

For organic semiconductors, the discovery of the possibility of improving the electrical
properties of conjugated polymers dates from 1977, when J. Heeger, A. G. MacDiarmid
and H. Shirakawa exposed polyacetylene to oxidizing and reducing agents and observed a
conductivity increased from below 10° S em™ up to 10° S em™ ©. These results lead to the
Nobel Prize in Chemistry in 2000° and triggered the research of organic semiconductors.
Note that the existence of conductive polymers had been reported a few years earlier with
polysulfur nitride (SN),, an inorganic polymer that also presented tunable properties when
exposed to oxidizing agents™. By analogy to the doping of inorganic semiconductors, this
process was also referred to as “doping”. However, as highlighted by Bredas et al.™, this is
a misleading analogy since the doping of OSCs is fundamentally different from that of their
inorganic counterparts, owing to their unique chemical structure. The process is best viewed
as a redox reaction, where instead of adding donor or acceptor levels inside the bandgap

(Figure 1.8), the semiconductor is either oxidized (p-doping) or reduced (n-doping).
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The next section presents an overview of the charge carriers in OSCs (e.g. polarons) as
well as some important concepts to understand the doping mechanism and the

corresponding doping signatures discussed in the following.

1.2.2 Fundamental charge carriers in organic semiconductors

The molecular doping process of conjugated polymer chains occurs via redox reaction,
where the neutral semiconducting polymer becomes an ionic complex composed of a
polymeric ion (cation or anion) and a counterion (reduced form of the oxidizing agent or
oxidized form of the reducing agent). Adding oxidizing agents corresponds to p-type doping
whereas the addition of reducing agents corresponds to n-type doping. In OSCs, the act of
injecting or extracting electrons is possible because electrons of m-bonds can be relatively
easily removed or added from/to the polymer without disrupting the polymer chains
(charge transport), differently from the electrons of o-bonds, which are primarily
responsible for holding the polymer together™. Here, we discuss some important
fundamental aspects concerning the creation of charged states in conjugated polymers
chains. These notions will be important to understand the existing doping mechanism as

well as the optoelectronic properties of doped conjugated polymers presented in this thesis.

Degenerate Non-degenerate

E E

Phase A Phase B Benzoid Quinoid

Sy \BEy

VIV NV

Figure 1.9 — Schematic representation of the potential energy change of different chains
configurations, i.e. resonance forms, as a function of the degree of bond length alternation or
distortion parameter Ar (Ar=0 when the bond lengths are equal). Left: trans-polyacetylene
(degenerate). Right: polythiophene (non-degenerate). Adapted from®.

In non-polar inorganic semiconductors such as silicon, the coordination of each atom to its
neighbor through covalent bonds leads to a rigid structure, which is not influenced by the
presence of charge carriers generated by the doping process (mobile electrons or holes). The
scenario is considerably different for doped conjugated polymers, related to their
susceptibility to structural distortions. As a result, the doping process was reported to
create charge carriers that are inherently coupled to chain distortions: polarons (radical

ions), bipolarons (dications or dianions), or solitons™*

. Note that polarons are also
observed in ionic crystals® (like NaCl) and polar semiconductor® (like GaAs), but they are

not reviewed here.
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The type of charge carrier in conjugated systems will depend if the ground state is
degenerate or non-degenerate, i.e. if it possesses two identical geometric structures with
the same energy or two different structures with different energies, respectively (Figure
1.9)*. Polyacetylene is one example of polymer with a degenerated ground state, since
moving one electron pair over one bond results in a geometric structure with the same total
energy (Figure 1.9, left). This is not the case for non-degenerate systems such as
polythiophenes. Moving one electron pair over one bond changes the structure from benzoid
to quinoid, which presents higher total energy and a related distortion energy (Figure 1.9,
right)***. In this context, solitons are identified as being the charge carriers in degenerate
systems, and polarons as well as bipolarons are reported to be the charge carriers in non-
degenerate systems™. Most of the conjugated polymers present non-degenerate ground

state®l.

a
Neutral soliton Positive soliton Negative soliton
b

Neutral polymer Positive polaron Positive bipolaron

e —
e ~++ -
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Figure 1.10 —Representation of solitons in polyacetylene (a) and polarons and bipolarons in
polytiophene (b).

Solitons in polyacetylene can be neutral or charged, as illustrated in Figure 1.10a. Neutral
solitons can be seen as defects and appear in carbon chains with an odd number of
conjugated carbons. Neutral solitons are radicals containing an unpaired n electron and
can propagate without deformations and dissipation by exchanging single and double

bonds, as a result of the degenerate ground state™*. Removing or adding electrons to a
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polyacetylene chain can create positively and negatively charged solitons, respectively. As
illustrated in Figure 1.10a, the presence of a soliton leads to the appearance of a localized
electronic level at mid-gap, which is half-occupied in the case of a neutral soliton and empty
(doubly occupied) in the case of a positively (negatively) charged soliton. As a consequence
of the degenerate ground state, charge carriers formed upon oxidation and reduction of the
material can move independently along the polymer chain, coulombically repealing one
another ¥. A so-called soliton band can be formed by overlapping individual charged soliton

chains®.

In conjugated polymers other than polyacetylene, electrons removed or added to the m-
bonded backbone will initially form polarons (radical ions), which may subsequently
combine to form bipolarons (dianions or dications). Polarons are localized charges
inherently coupled with a local distortion, from example from an benzoid to a quinoid
structure®. This distortion is actually a relaxation of the lattice to a geometry that is
energetically more favorable in the presence of an extra charge (positive or negative).
Bipolarons are defined as a pair of like charges confined in the same location and associated

to a stronger lattice distortion™.

Figure 1.10b illustrates the representation of polarons and bipolarons proposed by Heeger
and coworkers®. Removing an electron from a polymer chains leads to the formation of a
polaron and its associated quinoid-like geometrical relaxation localized over a few
polythiophene rings (represented by a red region Figure 1.10b). As a consequence of this
reorganization energy, a shift of the singly occupied states was reported into the energy
gap. A positive polaron is represented by a half-occupied HOMO level (radical cations) and
negative polarons is represented by half occupied LUMO level (radical anion). In
bipolarons, the geometry relaxation is stronger so the bipolaron electronic levels are
supposed to shift further away from the band edges of the neutral polymer. Despite the
coulomb repulsion between two similar charges, bipolarons were referred as being
thermodynamically more stable than polarons due to the more important decrease in

ionization energy™.

This picture of polarons was established in the early 1980’s in the organic electronic
community and was only recently revisited and critically questioned by Nobert Koch and
coworkers®™. What motivated their research was the fact that the singly occupied polaron
levels within the energy gap of the neutral OSCs described by Heeger et al. was not
experimentally identified by photoelectron spectroscopy. Besides, this traditional polaron
picture was developed for a structurally perfect polymer chain of infinite length and without
considering electron correlation, which is less likely to be a realistic scenario in molecular
doped OSCs.
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Figure 1.11 - Revised energy levels of polarons in doped OSC (with respect to the vacuum
level o ): (a) positive polarons: the left panel illustrates the reorganization energy A in the presence
a positive charge and the splitting of the HOMO level due to the on-site Coulomb-interaction U.
The middle panel illustrates the energy shift (@enc) of the neutral molecules close to the cations;
and the right panel presents a simplified projection of the resulting energy levels. (b) Analogous to

(a) for negative polarons. From®.

The revised energy levels proposed by Koch and coworkers is presented in Figure 1.11.
In this model, the introduction of an excess of electrons and holes also presented a
reorganization energy (A). However, due to strong on-site coulomb interaction (U —
commonly known as Hubbard interactions), the singly occupied polaron level is split into
two HOMO-derived sub-levels: an upper unoccupied and a lower occupied sub-level, where
only the further is located within the semiconductor gap. They also reported on inter-site
Coulomb interaction between neighboring neutral molecules, resulting in a distance
dependent shift of the energy levels (¢ ) for neutral molecules close to a cation (or anion
for n-doped OSCs). Thus, differently from the previous model, the ionization energy IE"
of the cation is higher than the ionization energy of a neutral molecule IE’, which can be
explained by the coulomb attraction in the positively charge region. Analogically, the
electron affinity of the anion (EA") is now lower than the electron affinity of a neutral
molecule EA", which was justified by the coulomb repulsion in the negatively charge
regions®”. Recent results published by Peter Ho and coworkers are in agreement with the
revised model, where additionally to the Hubbard interaction they also highlighted the
energy shift of the frontier orbitals due to Madelung interactions, i.e. off-site coulomb

interactions with counterions and other carriers®.
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Summarizing, regardless of the polaron model, charge carriers flowing in semiconducting
polymers are coupled with local distortions of polymer chains and give rise to a complex
energetic landscape, where the interaction with dopant counterions may also impact the

electronic structure.

In this thesis, the presence of polarons is investigated with UV-vis-NIR measurements. For
both polaron models discussed above, Figure 1.12 illustrates the optical transitions
expected for neutral (N) and doped (P1 and P2) chains. Only polarons are represented (no
bipolarons). In both representations, conventional and revised, the polaronic transitions
(P1 and P2) are smaller in energy than the m-rt* transition of the neutral polymer chains
(N). Hence, doping-related absorption should appear redshifted compared to neutral

polymer chains.
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Figure 1.12 Representation of the optical transitions expected in doped conjugated polymers for
neutral (N) and doped (P1 and P2) sites: conventional and revised polaron model.

Even though the polaronic transitions P1 and P2 seem similar in both models (Figure
1.12), some differences should be highlighted. In the conventional model, the presence of
polarons results in localized intragap states, while the energy levels of neutral sites remain
unaffected™®. In this model, P1 corresponds to a transition from the HOMO of the neutral
polymer (H") to the single occupied intragap state (H'), whereas P2 designates the
transition between the intragap states (from H* to L"). In contrast, in the revised model,
polarons interact with nearby neutral sites (on-site and inter-site Coulomb interaction),
affecting the energy levels of neutral sites close to the charged region (represented by the
gradient and the bending of energy levels in Figure 1.12, left)*". Besides, in this scenario,
both polaronic transitions, P1 and P2, involve the HOMO of neutral sites (H’). Recent
results published by Banerji and coworkers on excited state dynamics of doped polymers

are consistent with this revised polaron model®.

Both polaron representations are currently used in the literature. In this thesis, we consider
the revised polaron model. Examples of UV-vis-NIR spectra of doped polymers are shown
in section 1.2.4, when discussing the mechanism governing the molecular doping of OSCs.
In the following, some examples and properties of molecular p-dopants are discussed.

Besides, we introduce the p-dopants that were studied in this thesis.
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1.2.3 Molecular dopants

Molecular dopants are neutral, small molecules that can either accept or donate an electron
to an OSCs without undergoing any covalent-bond-breaking reaction (reversible electron
transfer). Since this thesis only studies p-type molecular doping, this section focuses on p-

dopants, i.e. molecules that accept electrons from the OSC.

P-type molecular dopant should be able to oxidize OSCs, i.e. render the charge transfer
process of an electron from the polymer to the dopant favorable (more details on the
mechanism are presented in section 1.2.4). Since some OSCs present HOMO energies
approaching 6 eV (e.g. 5.9 eV for polyfluorene®), maximizing the energy of the LUMO

level is an important criterion when designing p-type dopant molecules.

As mentioned earlier in this chapter, initial studies on doped OSCs used diatomic halogens
Cls, Brs, and I, as p-type dopants®. Due to their volatility, doping was performed in the gas
phase, where the dopant diffused into the sample. However, these small dopant molecules
were reported to diffuse through and out of the film even at room temperature, leading to

91,92

unstable doping properties””?. One solution to circumvent the diffusion issue was the use

99 Figure 1.13 presents some of the existing p-type molecular

of bigger molecules
dopants, which can be classified into two categories: planar and 3D structures. Most p-
type molecular dopants have an electron-poor core with electron-withdrawing groups such

as fluorine, -CF3, or nitrile functional groups to further reduce the EA.

The most studied p-type dopant in the literature, FATCNQ), is an example of a planar
molecular dopant. Its parent structure is TCNQ), an electron acceptor that was extensively
studied due to its ability to form charge-transfer salts™ but whose EA is not high enough
to be used as a p-dopant for OSCs (—4.3 eV). By replacing hydrogen atoms by fluorine, to
form FATCNQ), researchers were able to increase the EA of this molecule (-5.2 eV)%. As
shown in Figure 1.13, there are other more recent derivatives of TCNQ such as
F6TCNNQ™ ™ or F2HCNQ*, which were synthesized to further increase the EA of this

molecular p-dopant.

However, despite the suitable energy levels to be used as p-dopants, FATCNQ has shown
to be rather prone to diffusion within doped layers, correlated to its volatility and poor

59799 To limit the unwanted diffusion, some structural modifications of

sticking coefficient’
FATCNQ were proposed as, for example, replacing fluorine by a bulkier side group'™.
Additionally, attention was drawn to the second dopant category, i.e. bulkier dopants with

3D structures.

Large and three-dimensional dopant molecules were identified as potential candidates for
minimizing the diffusion issues in polymeric hosts. One example of this dopant category is
CeoF's6, which consists in Cg molecules with additional fluorine as electron-withdrawing
atoms to increase EA'"'. This p-dopant has shown better stability against thermal diffusion
compared to FATCNQ as well as a higher EA®!2 Another three-dimensional p-dopant

that received significant attention in recent years is molybdenum tris-[1,2-
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bis(trifluoromethyl)ethane-1,2-dithiolene] (Mo(tfd)s), an organometallic molecule which
also presents a stronger oxidizing power compared to FATCNQ (EA of ca. -5.6 €V). This
dopant has been well studied in vacuum-deposited samples and demonstrated good stability
against diffusion”!®. Generally speaking, 3D dopant structures have shown better stability

against diffusion when compared to planar molecules.
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Figure 1.13 — Examples of molecular p-dopants and their respective LUMO levels. Adapted from!%.

The aforementioned dopant structures were originally developed to dope conjugated small
molecules and, therefore, to be vacuum-processable. Consequently, most of the dopants are
poorly soluble or even insoluble in organic solvents. In recent years, molecular doping was
extended to conjugated polymers and solution-processable devices, triggering the research

and the development of more soluble or miscible dopant molecules.

Recently, some design strategies were identified to tailor the solubility of some existing
molecular dopants. For example, to improve the solubility of FATCNQ in commonly used
organic solvents (limited< 1 g.I''), Li et al. proposed to replace a nitrile by alkyl ester

195, Another strategy proposed by Kroon et al. consists of adding polar side chains

groups
to polymer hosts, enabling the use of more polar solvents (e.g., acetonitrile and
dimethylformamide)'®. These solvents offer a better solubility for polar molecular dopants

such as FATCNQ.

Regarding the bulky molecule Mo(tfd)s, the research group of Professor S. R. Marder at
the Georgia Institute of Technology designed new derivatives by replacing one - CF;3 group
on each side ring with ester or ketone functional groups'””. As a result, a solubility of up
to 10 g.L'! in chlorobenzene was reported for molybdenum tris-[1-(trifluoroethanoyl)-2-
(trifluoromethyl)ethane-1,2-dithiolene] (Mo(tfd-COCF3);) and molybdenum  tris-[1-
(methoxycarbonyl)- 2-(trifluoromethyl) ethane-1,2-dithiolene] (Mo(tfd-CO2Me)s), where

the further presented to be the strongest oxidizing derivative.

In conclusion, bulky and soluble molecular dopants are potential candidates for doping

conjugated polymers, as they have shown better stability against diffusion and are adapted
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to solution-processable fabrication processes. Besides, their EA should be high enough to
allow an electron transfer from the polymer to the dopant (p-type doping). Considering
these criteria, Mo(tfd-COCFs); and Mo(tfd-CO,Me)s are potential p-type molecular dopant
for conjugated polymers, as they present a 3D structure, high EA, and a good solubility in

organic solvents.

In this thesis, two molecular dopants are studied: FATCNQ and Mo(tfd-COCFj3)s. The
former was chosen as a reference dopant, since it is the most studied molecular p-dopant
in the literature, and the latter was selected due to the higher solubility and better stability

against diffusion.

1.2.4 Current understanding of the doping mechanism

In this section, we present an overview of the current understanding of the doping
mechanisms occurring between OSCs and molecular dopants. This section will focus on p-
type doping since this is the main topic of this thesis. Note that a full analogy of the

presented mechanism can be used for n-doping.

As presented in the previous sections, p-type doping consists in extracting electrons from
the OSC, i.e. creating a favorable electron transfer from the HOMO of the polymer to the
LUMO of the electron acceptor. Two doping mechanisms were spectroscopically evidenced
for several OSCs in the literature: ion-pair formation (IPA), also referred to as ground-
state integer charge transfer (ICT), and formation of ground-state charge transfer
complexes, where CPX or CTC can be found as acronyms™. Since ionized species exhibit
characteristic absorption features in the visible (electronic transition) and infrared
(vibrations) range of the light spectrum, UV-Vis and FTIR provide valuable information
on the nature of charge transfer between OSCs and dopants. Both doping mechanisms are
discussed separately below and the different signatures involved in each process are
highlighted.

Ton-pair formation (IPA)

A simple picture of this process is illustrated in the top panel of Figure 1.14a, where a
ground-state integer charge transfer is thought to occur between the HOMO of the OSCs
to the LUMO of the dopant, resulting in an ion-pair, i.e. a positive polaron and a dopant
anion. For this charge transfer to occur, the EA of the dopant should be equal or higher
than the IE of the OSCs. As pointed out by Salzmann and Heimel'™, this representation
is inferred from inorganic semiconductor physics but frequently found in the literature for

both doped conjugated polymers® and conjugated organic molecules'®.

This doping mechanism has been spectroscopically evidenced for numerous OSCg*110:111,

Figure 1.14a presents UV-vis-NIR (central panel) and FTIR (bottom panel)
characteristics of the P3HT:FATCNQ system'?. Regarding the UV-vis-NIR spectra, the
observed features can be described by a superposition of the FATCNQ anions and P3HT

positive polarons, confirming the formation of an ion-pair. Besides, further evidence for this
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doping mechanism is the energy of the C=N vibrational stretch mode of FATCNQ
(measured by FTIR), which indicates the charge state of the molecule and allows, therefore,
quantifying the degree of charge transfer (8)'. According to the literature, when an
electron is transferred to FATCNQ (8 =1), the stretching mode of C=N shifts by 33 cm™,
corresponding to the vibration of a F4ATCNQ radical anion'**'3, This shift is observed in
the FTIR spectra of P3BHT:FATCNQ (Figure 1.14a, bottom panel), further evidencing

the formation of an ion-pair in this doped system (& =1)"%

Formation of ground state charge transfer complex (CPX)

For some OSCs:p-dopant systems, e.g. 4T:F4ATCNQ, the doping signatures cannot be
explained by the IPA mechanism, i.e. by the presence of polarons and dopant ions. In these
systems, the HOMO of the donor (in this case 4T) and the LUMO of the acceptor (in this
case FATCNQ) were reported to hybridize, forming ground-state charge-transfer complexes
(CPX). The formation of CPX creates new local HOMO (HOMOcpx) and LUMO
(LUMOcpx) states, similar to bonding and antibonding states. Regarding the electron
distribution, both electrons are located in HOMOcpx (bonding hybrid state), while the
LUMOcpx (antibonding hybrid state) remains empty (Figure 1.14b, top panel).
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complex formation (IPA)

neutral
CPX

B /\e‘ 5 p =
2 &
5 oo 2 -
2 o
& €
2 neutral  neutral -] neutral neutral
S OSC  p-dopant F- osc p-dopant
P3HT / FATCNQ 4T/ FATCNQ
@ 2
g € cPX
5 5
- o anion
£ £ * *
S S dopant
2 2 ratio (%)
% %
g e
3 3
] 3 167
£ = o1
g & 30
SO SRR 13
2 e 3
40 35 30 25 20 15 10 05 40 35 30 25 20 15 10 0S5
energy / eV energy / eV

2220

4T/ FATCNQ

2227 P3HT / FATCNQ

absorbance / arb. units
absorbance / arb. units

neutral FATCNQ neutral FATCNQ
2240 2220 2200 2180 2160 2240 2220 2200 2180 2160
wavenumber / cm1 wavenumber / cm™!

Figure 1.14 - Formation of lon-pair (IPA) (a, top left) and of ground-state charge transfer complex
(CPX) (b, top right). Spectral UV /vis/NIR signatures of TPA and CPX for P3HT:FATCNQ (a,
middle left) and 4T:FATCNQ (b, middle right), respectively; P1 and P2 denote transitions of
positive polarons in P3HT. Spectral FTIR signatures of IPA and CPX for P3HT:FATCNQ (a,
bottom, left) and 4T:FATCNQ (b, bottom right); charge transfer & is deduced from the shifts of the
cyano vibrations. Adapted from!2.

In this model, the CPX presents an overall neutral charge and needs to be ionized to create
mobile holes in the OSC. Since LUMOcpx states lie within the bandgap of OSCs, holes are
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created as a consequence of the Fermi-Dirac statistics, resulting in a partial occupation of

108

the LUMOcpx states at room temperature'®™. In this scenario, the generated holes are

counterbalanced by ionized CPXs instead of ionized dopant molecules"**,

The degree of hybridization and the energetic splitting in CPXs have shown to depend not
only on the individual energy levels of OSCs and dopants but also on the structure and
orientation of the frontier orbitals'*!'®. The magnitude of the energy level split is often
represented by the resonance integral (B), a parameter from the Hiickel model referring to
the intermolecular coupling between OSC and dopant (Figure 1.14b, top panel)"‘. Hence,
(VPX)

the fundamental energy gap of the CPX (Eg, is expected to be different for each

OSCs:dopant system.

A characteristic UV-vis-NIR spectrum for this doping mechanism also presents optical
transitions that grow upon doping, but they correspond neither to polarons nor dopant
ions (Figure 1.14b, central panel). Besides, for FATCNQ-doped OSCs, the FTIR spectra
presented a smaller shift for the C=N stretching mode compared to FATCNQ anions
(Figure 1.14b, bottom panel), which was interpreted as a partial electron transfer (&
<1)"2 Hence, the CPX formation may be compared to polar covalent bonds, where

electrons are also shared between atoms!®.

Additional considerations on CPX and IPA

Salzmann and coworkers proposed a unified mechanistic model for the doping process in
OSCs, presented in Figure 1.15 for p-doped OSCs™. The revised polaron model was used,
which takes into account the reorganization energies (A) and Hubbard (U) interactions
related to the presence of charges in OSCs and dopants (see section 1.2.2)*. This schema
summarizes the actual understanding of the doping mechanism in OSCs in terms of energy

levels and DOS. Besides, it brings together the main aspects discussed in this section.

Currently, it is difficult to predict whether CPX or IPA formation will occur in a given
OSC:dopant system. Besides, Jacobs et al. have recently shown that the doping mechanism
of PSHT:FATCNQ can be selectively chosen by controlling the polymorphism, i.e. packing
of the P3HT chain''". This result is particularly interesting because it shows that a given

OSC:dopant system is not restricted to a single doping mechanism.

In terms of performance, doping through CPX formation has shown to be less effective
than doping through IPA. The hybridization process involved in the CPX formation pushes
the relevant acceptor level of p-dopants into the gap of the OSCs, transforming a strong
dopant into a week dopant. Hence, the energy barrier present for CPX ionization (B) and
the fermi level pinning between the LUMOcpx and the HOMO level of the neutral OSC are

the main reasons for the lower doping efficiencies of this doping mechanism!'*!,
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Figure 1.15 — Schematic representation of energy levels and the corresponding density of states
(DOS) for molecular p-doped OSCs. Both doping mechanism IPA (top right) and CPX (bottom left
for neutral CPX and top left for ionized CPX) are illustrated. The reorganization energy(A) and
Hubbard U (U, for the dopant and U, for the OSCs) are also represented. The levels of the ionized
CPX (marked with #) are approximated by those of the neutral species. Adapted from™.

The formation of CPXs has been reported for numerous conjugated molecules'**!1¢ Hut
also a few examples with conjugated polymers"*". However, to obtain higher doping
efficiencies, researchers were interested in favoring the IPA doping mechanism. Increasing
the driving force for an electron transfer from the OSCs to the p-dopant (i.e. increasing the
EA of p-dopants) is not sufficient to avoid CPX formation™. Planar structures have shown
to favor coupling between frontier orbitals resulting in CPX formation'*'*. Therefore, in
addition to high EA, hysterically shielding the frontier orbitals of dopant molecules has
shown to be an important design rule to avoid CPX formation™. In other words, bulky
dopant molecules present less accessible m-orbitals and, consequently, hinder the
overlapping with m-orbitals of the OSC and the formation of CPX.

Finally, the doping efficiency in these organic systems is not only dependent on the doping
mechanism. In the following section, we discuss the main aspects limiting the doping

efficiency in OSCs.

1.2.5 Doping efficiency

The doping efficiency tells us the ratio between the added dopant molecules and the free
charge carriers generated through the doping process. For example for p-doping, the doping
efficiency is defined by p/N,, where p and N, represent the concentration in free holes
and neutral acceptors (i.e. p-type dopants), respectively. For inorganic semiconductors, the
doping process is highly efficient, i.e. typically generates one free charge carrier per dopant

atom. As a result, ultralow dopant ratios (ppm order<107) already result in considerable
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improvement of electrical conductivity, leaving the crystalline order of the semiconductor

unperturbed and therefore retaining the high mobilities of the pristine host'®.

The scenario is considerably different for organic semiconductors. The reported doping
efficiencies are much lower (~5% measured for PSHT:FATCNQ¥), resulting in doping ratios
significantly higher than for inorganic semiconductors, in the order of percent. Therefore,
the term blend is commonly employed for doped OSCs. The important amount of dopant
molecules added to the OSCs results in structural changes that might be detrimental for
the charge transport, especially for crystalline OSCs'®. Therefore, achieving higher doping

efficiencies with lower doping ratios is imperative.

In this context, Kiefer et al. explored the fact that p-dopants such as FATCNQ can accept
two electrons per molecules, i.e. form dianions'”. This concept of double doping was
efficiently demonstrated for polymers with low IE, to allow a charge transfer to the EA- of
the p-dopant ( ~4.7 eV for FATCNQ)'’. Hence, doping efficiencies up to 200% can be

reached in these systems.

However, energy levels are important but not the only criteria controlling the doping
process. There are several additional explanations for the low doping efficiencies
experimentally observed for OSCs: segregation of dopant molecules' ! local trapping of

A6 and Coulombic binding between

free charges''* the formation of CPX states
ionized species® 1%, These aspects are discussed below (except for CPX formation that

was already discussed in 1.2.4)

The segregation of dopant molecules can be related to a lack of miscibility with
OSCs'. Dopant clusters decrease the intermolecular interaction between both materials,
leaving several neutral dopant molecules is the system, which lower the doping efficiency.
Besides, additional interface dipoles at phase boundaries may further lower the doping
efficiencies'®. The segregation of dopant molecules was also observed for higher dopant
concentrations, associated to a lack of available doping sites are filled*. For example, for
P3HT:FATCNQ), the a precipitation of pristine FATCN(Q was observed when the dopant

loading exceeded 4:1 (molar ratio)* !,

At low doping ratios, the low doping efficiencies were also associated with the trapping
of charge carriers generated through the doping process. As discussed in 1.1.1, the energy
levels of OSCs can be represented by broad Gaussian distributions due to their inherent
disorder. These structural and chemical imperfections give rise to so-called tail states, i.e.
localized electronic states that extend into the bandgap of OSCs. Tail states act as traps
for charge carriers and are, therefore, detrimental for the charge transport and the
performance of organic devices. In this context, ultra-low doping ratios (<<1 mol%) have
shown to fill tail states and therefore passivate the traps in OSCs!?*'?", This passivation
process results in low doping efficiency, as the generated charges get trapped. Nevertheless,
this process increases the charge carrier mobility of OSCS and is therefore beneficial for

the performance of devices.
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The dissociations of charges generated through the doping process is also a critical
aspect of the low doping efficiencies in OSCs. Despite the intense signatures of ionized
dopant molecules and polarons observed in the UV-Vis-NIR spectrum of PSHT:FATCNQ
(see Figure 1.14a), Pingel et al. reported that only 5% of these molecules release mobile

holes into the polymer*!*

. The remaining holes would still Coulombically interact with
ionized dopant molecules and consequently are not available for electrical conduction.
Indeed, owing to the low dielectric constant of OSCs, the Coulomb attraction between
ionized dopants and charge carriers is typically stronger than in inorganic semiconductors.
Usually, thermal energy at room temperature (77meV at 300K) is not high enough to
dissociate electron-hole pairs in OSCs®". Hence, the doping process was referred to as a two-
step process'!?. First, it involves the ionization of molecular dopants (or CPX) and the
formation of Coulombically bound electron-hole pairs, called charge-transfer complexes
(CTCs, or integer charge transfer complexes ICTCs). Subsequently, the CTCs should be
dissociated to generate mobile charge carriers. Although the dissociation of CTCs has been
investigated over several years'®, the release of doped charge carriers in OSCs is not yet
completely understood. It has shown to depend on the energetic disorder in the OSC:dopant

system but also on the size and quadrupole moment of the dopant molecules'*!*

In this context, several groups have studied the correlation between the doping efficiency
and the doping ratio, by following the evolution in conductivity and mobility of doped
layers. A sublinear conductivity increase is often observed at low to moderate doping ratios,

followed by a superlinear increase at high doping ratios® %

. According to Arkhipov et al.,
the conductivity evolution upon doping can be explained by the changes in the mobility of
an OSC in the presence of dopant ions™*¥!, In their model, they considered a broadening
of the DOS upon doping. Thus, low to moderate doping ratios present a decrease in
mobility due to traps generated by dopant anions. At higher doping ratios, the Coulomb
potential of individual traps overlaps and lower the barrier for releasing trapped holes,

increasing the mobility'

. In a more recent model proposed by Mityashin el al., the
correlation between the doping efficiency and the dopant concentration was explained by
the existence of dissociation pathways for CTCs, which arise from the electrostatic

energetic disorder introduced by neighboring doping molecules'.

In summary, the presented discussion highlighted the close correlation between doping
efficiency, local structural energetics, and the interaction strength between OSC and
dopant. In other words, the doping efficiency seems not only to be specific to each
OSC:dopant system but also dependent on the morphology and, consequently, on the
processing conditions. This might explain some contradictions in terms of doping efficiency

observed in the literature 3*1%%124,
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1.2.6 Applications for doped organic semiconductors

Molecular doping of OSCs is an increasingly explored tool for optimizing a range of
optoelectronic devices. Here, we give a brief overview of how this technique has been

applied in devices over the last years.

One very important application of doped layers is contact doping. Improving the charge
carrier injection and extraction ensures good ohmic contacts in transistors, LEDs, solar
cells, and photodetectors, which is crucial for good performances'?. Several strategies have
been explored over the last years to tailor the interfacial energetics and improve the contact
of devices. Adding interlayers between the active layer and the electrodes to adjust their
work function is a widely explored solution. Thin layers of zinc oxide (ZnO) or titanium
oxide (TiOx) are commonly used to improve electron contacts and molybdenum oxide
(MoOx), or PEDOT:PSS for hole contacts'®. Another strategy consists of creating a dipole
at the interface of the metal, which was achieved with self-assembled monolayers (SAMs)
or with a thin physisorbed layer of poly(ethylenimine) ethoxylated (PEIE)¥. In this
context, the electrical doping of OSCs is also a valuable technique for interface engineering.
It allows a controlled adjustment of the Fermi level and improves the conductivity of the

semiconductor, enabling quasi-ohmic contacts between organic layers and metal

electrodes'. Contact doping has been extremely important to the success of inorganic
semiconductors.
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Figure 1.16 — Schematic representation of the energy level diagram between a metal electrode and
a pristine (a) and p-doped semiconductor (b): A represents the interface dipole, w the thickness of
the space charge layer (SCL), Vg the built-in voltage and ¢f, ; the injection barrier for holes.

The advantages of contact doping are illustrated in Figure 1.16 for hole contacts. To
form an ohmic contact between metal and semiconductor, the work function of the metal
(WFy) should be aligned with the corresponding carrier level of the semiconductor, i.e.
with Ev (HOMO) levels for holes and Ec (LUMO) levels for electrons. When using intrinsic
semiconductors, we are limited by the metals work functions available, and charge injection
barriers (¢, ;) are often present (Figure 1.16a). With p-doped semiconductors, the Fermi
level alignment between metal and semiconductor at the interface creates a space charge

layer (SCL), whose thickness (w) depends on the doping concentration as well as the built-
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in voltage (V). The higher the doping concentration, the thinner the SCL, and the stronger
the band bending. Consequently, at higher doping concentrations charge carriers can tunnel
through the thin SCL leading to quasi-ohmic contacts (Figure 1.16b)"**'¥. The thin SCL
makes injection possible even if there is a considerable mismatch between the transport
levels of the contact material and the organic semiconductor. Therefore, using doped OSCs
as interlayers in devices offers the possibility to use a wider range of metallic materials as

electrodes, without constraints on their work-function'®.

Additionally, molecular doping is also used to improve the transport properties of organic
semiconductors through carrier generation and trap filling in devices '*!?". Increasing the
charge carrier density and consequently improving the electrical conductivity of OSCs is
particularly interesting for thermoelectric applications. Compared to inorganic
thermoelectric materials, doped polymers have great potential for wearable heating and
cooling devices and near-room-temperature energy generation®'*, Therefore, highly doped
OSCs, i.e. conducting polymers, have received increasing attention. Recently, Brinkmann
et ol attained the highest electrical conductivity ever reported for an organic
semiconductor by rubbing doped films at high temperature (PBTTT:FeCl; system, o
~220,000 S.cm !, equivalent to platinum)®’. Metallic-like electrical conductivities were also
achieved with PEDOT, a p-doped conductive polymer that has received considerable
attention in both academic studies and industrial applications. This polymer presents high
conductivities and transparency, as well as good stability under ambient conditions',
Differently from the molecular p-type doping process presented in this thesis, which
happens by exposing conjugated polymers to acceptor molecules, the p-doping of PEDOT
occurs during the polymerization process (oxidative polymerization of EDOT). An

extensive overview of this conductive polymer can be found in'*.

Recently, molecular doping was also used as a patterning tool, by exploring the insoluble

character of highly doped semi-crystalline polymers'”.

Depending on the application of doped OSCs, different doping levels and, consequently,
different properties are required. When doping contact layers (also called interlayers), we
are interested in aligning the Fermi level with the corresponding carrier level to decrease
the charge injection barrier in devices. For thermoelectric applications, one might be
interested in increasing the electrical conductivity of OSCs to optimize the thermoelectric

figure of merit.

In this thesis, we are interested in exploring the potential of molecular doping for nearly
amorphous conjugated polymers. D-A conjugated polymers have received very little
attention in the literature in their doped state, even though they are widely used in organic

solar cells. These polymers present a great potential for doped interlayers in organic devices.
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1.2.7 Stability of doped layers

The existing studies on the stability of molecular p-doped OSCs are mainly focused on the
thermal stability and the diffusion of p-dopants in organic hosts. In molecular doped OSCs,
the dopant molecules are not covalently bound to the polymer, and the weak van der Waals
interaction between polymer chains allows for higher mobility of dopants within the host
material'®. Hence, p-dopants may diffuse into other layers within the device under thermal
or electronic stress, causing unwanted interaction with other materials and compromising

140

the stability of devices'".

As discussed in section 1.2.3, the first p-dopants used in the literature were di-atoms such
as iodine (I), bromine (Br;), and chloride (Cl)"!. However, these dopants are too small
and exhibit a tendency to diffuse in organic hosts, resulting in unstable doping

992 In this context, larger molecular dopants were introduced to reduce

properties
diffusivity. Planar dopants such as FATCNQ have also shown to diffuse in organic hosts,
even at room temperature'”’. Better stabilities against diffusion were obtained with
molecular dopants presenting 3D structures such as CeFs and Mo(tfd)s. Increasing the
steric hindrance of the host has also shown to be beneficial to limit bias-driven molecular
140

migration in OLEDs

Thermal instability is also a consequence of the week polymer:dopant interaction in
molecular doped OSCs. For FATCNQ-doped OSCs, dopants desorption through thermal
annealing was observed at temperatures above 100°C"3% This process was referred to as
thermal dedoping since the conductivity and the microstructure of pristine polymers are
recovered. When using polar dopants such as FATCNQ, improved thermal stability was

106,142

observed when doping hosts with polar side chains . These studies suggested that
increasing the compatibility of polymer hosts and molecular dopants is also a promising
strategy to improve the thermal stability of these systems. Another solution that presented
improved thermal stability consists of exchanging conventional p-type dopant anions with

a second anion provided by an ionic liquid, called anion-exchange'®.

Nevertheless, the stability of the p-doped state over time and when exposed to the ambient
atmosphere are also crucial aspects to evaluate the potential of p-doped OSCs for organic
devices. In this context, n-type doped OSCs have received considerable attention. Due to
the low IE of n-type dopants, which is however a requirement for an efficient electron
transfer to n-type OSCs, these molecules are sensitive to immediate oxidation in ambient
air''. A literature overview of the stability of pristine and doped OSCs in the presence of
oxygen and water is presented in chapter 3 (section 3.1), which deeply investigates the
stability of the p-doped state under different atmospheres. Here, we aim to highlight that
the few existing studies that verified the stability of the p-doped state in molecular doped
OSCs (under argon and/or ambient atmosphere) observed unstable doping signatures™"*.
Hence, even though molecular p-dopants have shown to be stable in air, the stability of
the p-doped state (i.e. positive polarons and ionized dopants, or neutral and ionized CPX)

should be investigated.
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1.3 THESIS OBJECTIVES

1.3.1 Motivations

Doping emerged as a potential technique to improve the performance of organic electronic
devices since it allows manipulating the electrical properties of OSCs, for instance
improving transport properties as well as electrical contacts of devices (interface

engineering) '+

. Even though the doping process has been used for years in inorganic
semiconductors, the underlying principles are fundamentally different for OSCs. Therefore,
to overcome the lack of understanding and consequently improve the doping efficiencies,
the research over the last years mainly focused on the fundamental principles governing

the molecular doping of OSCs'™.

As discussed throughout this introductory chapter, considerable improvements have been
achieved concerning the understanding of electrostatic interactions and the resulting
energetic landscape in organic hosts in the presence of molecular dopants. As a result,
researchers were able to draw a more precise picture of the underlying doping mechanism
in these systems "2 Besides, it allowed developing design rules and identifying energetic

and structural requirements to improve the doping efficiency!!7 119145,

However,
researchers are not yet capable of predicting the doping mechanism and the efficiency of a
given polymer:dopant system before experimental results, indicating that the key
parameters controlling the doping process are not yet completely understood. Additionally,
the doping efficiency has shown to be correlated to structural and morphological aspects
of the polymer:dopant blend*''"*", In other words, the doping process is not only controlled
by the choice of materials but also by processing conditions, as the latter highly impacts

the morphology of polymer layers.

In terms of conjugated polymers, most of the existing studies with molecular dopants
focused on RR-P3HT and PBTTT, two semi-crystalline polymers, mainly due to the better
charge transport properties of semi-crystalline polymer layers. Very few articles reported
on the doping of donor:acceptor conjugated polymers, even though they represent the
state-of-art polymers for OPV#*%". These polymers have a great potential to be used as

interlayers in their doped state'®.

Additionally, stability is a crucial factor in the development of organic electronic devices.
Therefore, the potential of molecular doping is highly dependent on its stability. As
mentioned in section 1.2.7, diffusion was identified as a critical stability issue, especially

for small and planar molecular dopants!©*106:142

. This issue has been potentially solved by
using bigger molecular dopants with 3D structures”™!**!". However, very little attention
was given to the stability of the p-doped state under argon and ambient atmosphere,
although these are crucial aspects for the future integration of these doped layers into
printed devices. Only recently, an article questioned the intrinsic stability of the CPX and

IPA charge transfer states in p-doped layers'. Stability studies under ambient air are
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mainly performed for n-doped OSCs, due to the low IE of molecular dopants and the
existence of electron traps in polymer hosts (see 3.1). However, p-doped OSCs have also

shown unstable doping signatures under ambient air'*",

Finally, even though there are still some questions concerning fundamental aspects of the
molecular doping process in OSCs, the stability of the p-doped state in the presence of
oxygen and humidity are key factors to be investigated for the integration of doped layers

in organic devices.

1.3.2 Outline

The main objectives of this thesis are to infer the scalability, performance, and air
stability of the p-doped conjugated polymers to evaluate their potential and limitations
for organic electronic devices. This study is interested in p-doping disordered hosts, which
present great potential as hole transport layers of organic devices and have received little

attention in their doped state.

In terms of polymer host, this thesis focused on PBDTTT-c, which is a donor:acceptor
polymer widely used as a donor material in OPV cells***. Additionally, P3HT was selected
as a reference polymer, as it has been thoroughly studied in its pristine and doped
state® 19149 Since this work is interested in doping disordered polymer hosts, we used RRa-
P3HT, which has received much less attention in its doped state due to its amorphous

nature.

Regarding the p-dopants, Mo(tfd-COCFj); is the main dopant studied in this thesis. This
molecule was specially developed for p-type doping of OSCs in solution, presenting an

150 Besides, its 3D structure was reported to limit

improved solubility in organic solvents
the diffusion in OSCs®'", As for the polymer hosts, we added FATCNQ as a reference
dopant molecule to our study. This p-dopant was also selected due to its planarity, allowing

the comparison between planar and 3D structures.

To investigate the scalability, molecular doping was performed in solution and from a
non-halogenated solvent (0-Xylene), to be in agreement with the toxicity requirements and
with large scale printing techniques. Besides, a particular attention was given to the
reproducibility and, consequently, to the control of the doping process, to highlight possible

complications and challenges for molecular doping in industrial scale.

In terms of performance, we studied the doping signatures of the four polymer:dopant
systems considered in this thesis: PBDTTT-c:Mo(tfd-COCFs)s;, RR-P3HT:Mo(tfd-
COCF3)s, PBDTTT-c:FATCNQ and our reference system RR-P3HT:FATCNQ. This
comparison allows analyzing the impact of the energy levels, dopant geometry, and polymer
nature on the doping limits and mechanisms. As discussed in this chapter, it is still difficult
to predict the doping efficiency and mechanism of a given polymer:dopant system before

experimental results.
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Finally, we investigated the stability of free holes and ionized dopant molecules in the
presence of humidity and oxygen, but also their intrinsic stability in doped layers. This
study was performed by exposing p-doped layers to different atmospheres: argon,

anhydrous air, and ambient air.

The results will be presented in two main chapters: chapter 2 characterizes the initial
properties of pristine materials and presents a thorough investigation of the doping process,
to highlight the important parameters and to optimize the doping conditions. Besides, the
initial properties of the doped layers are characterized and discussed. Once we analyzed
the initial state of our p-doped layers, chapter 3 investigates their intrinsic stability as well

as their air stability.
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MOLECULAR DOPING: PROCESSING
AND CHARACTERIZATION

Both organic semiconductors and molecular dopants can be either thermally evaporated or
solution-processed. This work considers exclusively solution-based doping techniques. Despite the
advantage of avoiding ultrahigh vacuum (UHV) related technologies, solution-processed layers
also reduce the amount of material that gets wasted during the deposition process (e.g. materials
deposited on the chamber walls). Since organic semiconductors and molecular dopants are still
expensive materials, doping via solution-based techniques offers a potential solution for reducing

costs, not only in terms of equipment but also in terms of materials.

In this context, several research groups have been studying the molecular doping of conjugated
polymer by solution-processed techniques'. The doping efficiency?, the quality of the doped
layers®, and even the doping mechanism® have shown to be strongly impacted not only by the
choice of the polymer:dopant system but also by the processing conditions. Understanding the
aggregation process of pristine and doped polymer chains was reported to be important to
improve the doping efficiency, but also to overcome problems related to solubility loss for highly
doped semi-crystalline polymers’°. Most of the existing literature has focused on polymers with
highly ordered morphologies'*?. Since this thesis studies disordered polymer hosts, the processing
conditions are studied carefully in this chapter, in order to optimize the existing parameters for

this specific scenario.

This chapter starts with an overview of important processing aspects controlling the aggregation
of conjugated polymer chains and how their conformation may influence the doping process.
Besides, this introductory section also presents a detailed description of the solution-processed
doping techniques and their actual challenges. The results are divided into three parts: First, we
characterize the pristine materials used in this thesis. The second part studies the doping protocol
and highlights the important parameters to achieve a controlled and reproducible doping,
considering our processing conditions and materials. Finally, with an optimized doping protocol,
the last section of this chapter characterizes and discusses the optical, electrical, and

morphological properties of the selected doped systems.
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CHAPTER 2 - MOLECULAR DOPING: PROCESSING AND CHARACTERIZATION

2.1 BACKGROUND

This section starts with an overview of some processing techniques to improve the electrical
properties of conjugated polymers chains. In the second part, we describe the solution-processed
doping techniques and highlight some critical parameters discussed in the literature. Last, we
summarize the important parameters of the doping process that should be studied in the context
of this thesis.

2.1.1 Aggregation of conjugated polymer chains

Due to the week nature of the van der Waals interactions between conjugated polymer chains,
these macromolecules present various degrees of conformational freedom'. In solution, polymer
chains can be solubilized or aggregated. The resulting conformation will depend on the strength
of polymer-solvent interactions compared to the polymer-polymer interactions. In other words,
fully solubilized chains indicate stronger polymer-solvent interaction, whereas aggregated chains
result from m-stacking of similarly planarized chains, i.e., strong polymer-polymer interactions
(Figure 2.1a, b).

In polymer layers, the microstructures can vary from completely amorphous (Figure 2.1c¢) to
semi-crystalline, where both disordered (amorphous) and ordered (crystalline) regions coexist
(Figure 2.1d, e). There are different types of ordered domains: aggregates designate smaller
domains with short-range ordering (Figure 2.1d) whereas crystallites are larger domains with
long-range periodicity (Figure 2.1e). Additionally, depending on the intensity of the interchain
and/or intrachain interactions, ordered domains may adopt different polymorphisms, i.e. packing

motifs like, for example, J and H-aggregates of P3HT?%.

a Aggregated chains b Solubilized chains
=) 3

Figure 2.1 — Schematics of ordered and disordered polymer chains. a-b different conformation of polymer
chains in solution. c-e different microstructures of conjugated polymer layers (adapted from '). Darker
shadowed areas represent ordered domain.
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2.1 BACKGROUND

The optoelectronic properties of conjugated polymers will also significantly change depending on
the adopted conformation, e.g. if the domains are ordered or disordered. For example, structural
disorder induces energetic disorder, and the resulting electronic traps can limit the charge
transport in the polymer layer*®. Additionally, the bandgap of semiconducting polymers is also
influenced by the conformation of polymer chains, related to the variation in the conjugation
length, i.e. length of uninterrupted m-bonds in a conjugated system®’. Note that for OSC,
electronic bandgap (E;) should be distinguished from the optical band gap (Egpt). The latter
corresponds to an excited state (not an ionized state), meaning that electrons remain
electrostatically bound to holes (excitons). Due to the low dielectric constant of OSCs, the exciton
binding energy in OSCs is in the order of 0.3-0.5 eV®. Therefore, the Egpt is expected to be
substantially lower than E; for OSCs®.

UV-Vis spectra reveal important morphological aspects related to the organization, i.e.
aggregation of polymer chains. A particular advantage of this technique is that the absorption
spectra can be measured in solution and solid-state. Disordered domains (amorphous layers or
solubilized polymer chains) will display a single broad absorption peak, related to the numerous
conformational arrangements of each monomer in the chain (m-m* transitions). Since the
conjugation length is shorter in disordered domains than in ordered ones, the absorption spectra
will appear at smaller wavelengths, i.e. blue shifted. Ordered domains (semi-crystalline layers or
aggregated chains in solution) will display more resolved peaks at higher wavelengths
(redshifted), which may be attributed to vibronic transitions of m-* stacked aggregates'. These
characteristic features of disordered and ordered conformation can be seen in Figure 2.2 for
different conjugated polymers. Despite morphological aspects, UV-Vis spectra also allow
determining the optical band gap (Egpt) of OSCs, which corresponds to the absorption onset
when scanning from low energy photons (high A) to high energy photons (low A).

Hence, controlling the morphology of conjugated polymers, i.e. understanding the aggregation
processes in solution and thin layers, has proven to be an effective way of tuning and/or
optimizing their optoelectronic properties™'''2, Below, we discuss some of the existing processing

techniques to manipulate the organization of polymer chains.

Molecular structure

Structure and composition of polymers, i.e. synthesis aspects, highly impact the ordering of
polymer chains. For example, the regioregularity of the polymer backbone was reported to
influence the packing and therefore the crystallinity of the polymer layer'®. Ideally, the polymer
backbone should be planar to facilitate the n-stacking of polymer chains. Fluorination of polymer
backbones has shown to improve the m-stacking by increasing the molecular interaction and
therefore the planarity of backbones'. One can also mention the choice of alkyl side chains: short
alkyl side chains have shown to facilitate the molecular packing, whereas long alkyl side chains
were reported to increase the solubility in organic solvents'. Regarding the molecular weight
(MW) of polymer chains, Noriega et al. have shown that disordered aggregates may result in
satisfying charge transport if the MW is height enough to ensure a connection between ordered

domains (highlighted chains in Figure 2.1d)".
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CHAPTER 2 - MOLECULAR DOPING: PROCESSING AND CHARACTERIZATION

Solvent choice and solubility

One possible mechanism to drive aggregation is the solubility. Varying the solvent is a direct
way of changing the solubility and therefore the interaction of polymer chains in solution (Figure
2.2a). A common technique to induce the organization of polymer chains in solution is to
modulate the degree of good and poor solvents*®. In a good solvent, the polymer-solvent
interactions are strong compared to polymer-polymer interactions, and the individual chains
remain fully dissolved, meaning that there is no ordering of the polymer in solution. The addition
of a poor solvent results in a driving force for n-stacking and aggregation, as the polymer-polymer
interactions become more favorable compared to the polymer-solvent interactions (Figure 2.2b).
With this technique, highly ordered aggregates such as nanowhiskers, nanowires, or nanoribbons

16,17

have been reported for PSHT solutions
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Figure 2.2 - UV-Vis measurement of different techniques controlling the degree of solubilized and
aggregated polymer chains in solution: the solvent choice (a)'®, varying the ratio of good and poor solvent
chloroform/ethylacetate (b)” and varying the temperature of the solution (¢)'. RR-P3HT is used in (a)
and (b), and PffT2-FTAZ (in dichlorobenzene) in (c).

Despite the solvent choice, there are other parameters such as temperature and concentration
that influence the solubility of polymer chains. Increasing the polymer concentration favors the
aggregation process by increasing the interaction between polymer chains®. Regarding the
temperature, heating polymer solutions improve their solubility and therefore favor the polymer-
solvent interactions'. As shown in Figure 2.2c, varying the temperature of solutions is an

effective strategy to tune between solubilized and aggregated chains.

Solvent evaporation

The solvent evaporation during film formation may also impact the final morphology of polymer
layers. Slower drying times result in a more controlled self-assembling of the polymer chains®. In
this thesis, the polymer layers are processed by spin coating (section 1.1.2, Figure 1.5), meaning
that the drying process is fast. However, the drying time can be partially controlled by the solvent

volatility and also by the airflow, i.e. the spin coating speed.

Post-treatment

The organization of polymer layers can also be improved by post-deposition treatments as, for
example, thermal annealing. For semi-crystalline conjugated polymers, thermal annealing was
reported to increase the degree of crystallinity and/or to modify the polymorphism of the

crystalline phase®. Besides, heating up polymer layers may also release residual solvent molecules
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2.1 BACKGROUND

not evaporated during the deposition process. Regarding the temperature choice, it depends on

the polymer and on the processing solvent, commonly between 100-150°C.

Molecular doping
Molecular doping has also shown to induce aggregation of solubilized polymers chains, resulting

20,23,24,24

in polymer:dopant aggregates As observed for pristine polymer chains, processing

parameters reducing the solubility have been reported to favor doping-induced aggregation®-* %,
For example, Albert Salleo’s group showed that better doping efficiencies were obtained for layers
processed at lower temperatures, presenting a higher concentration of polymer:dopant
aggregates™?. They further reported that the doping efficiency of a P3HT:FATCNQ solutions
can be tuned by varying the temperature: heating cycles decreased the doping efficiency and
vice-versa®. When comparing regioregular and regiorandom P3HT chains, Gao et al. propose
that regioregular P3HT undergo a more efficient charge-transfer due to a stronger ability to

24

delocalize charge carrier in its aggregated form*. In other words, the doping efficiency was

correlated with the existence of aggregated polymer chains.

a b

Doping of solubilized P3HT

1.54 ——Undoped P3HT
——10h
G ——20h | T I
N %101 —4oh
Slow e
\_;} aggregation § * <0 5.
Non-dqped >

P

P3HT chains % P3HT'Nanowires
0.0 : . .
% Doping of aggregated P3HT
— “
G Doping % 1.0
+ o
Fast = . Qo
% . $o 20 <
aggregation / - g 0.54 —— Undoped P3HT
P3HT chains Doped = WPl gncd e
/ P3HT Nanown& - —— 60 min
’ 15 2.0 25 3.0
Energy (eV)

Figure 2.3- a Schematics of the aggregation process of non-doped (above) and doped (below) P3HT chains
(from ) and b UV-Vis absorption spectra of solubilized (above) and aggregated (below) P3HT solution
doped at 5.3 wt% FATCNQ (adapted from®).

In this context, McFarland and coworkers performed several studies to unravel the impact of
aggregated polymer chains on the doping process. In a first study, they showed that the doping-
induced aggregation is considerably faster compared to the aggregation process of pristine PSHT
chains, resulting in more random and disordered P3HT aggregates in the doped state (Figure
2.3a). This was explained by the presence of dopant counterions and the complexity of the
Coulomb interactions between charged species®. Regarding the influence of the conformation of
polymer chains on the doping process, they showed that the doping kinetics is considerably faster
for aggregated P3HT chains compared to solubilized ones (Figure 2.3b)*. To explain these
results, they propose that the aggregation process of RR-P3HT chains preferentially occurs before
the actual charge transfer step takes place with the dopant molecule®. Hence, the conformation

of polymer chains has shown to strongly impact the chemical doping process.
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CHAPTER 2 - MOLECULAR DOPING: PROCESSING AND CHARACTERIZATION

In conclusion, there are several temperature and solubility-related techniques to manipulate the
organization of polymer chains in solution and in thin layers, where one can tune between
aggregated or rather amorphous conformations. Chemical doping has also shown to interfere with
the conformation of polymer chains, by forming polymer:dopant aggregates that are less ordered
than pristine polymer aggregates. Besides, the presence of aggregated polymer chains was
reported to be beneficial for the doping efficiency of the system. However, as will be discussed in
the following, aggregated polymer chains are not easy to process. Often, one needs to find a

trade-off between performance and solubility (or processability) of doped solutions.

2.1.2 Solution-processed doping techniques

There are mainly two methods used in the literature for molecular doping: co-processing and
sequential processing. In the further, polymer and dopant are processed simultaneously from the
same solution, while in the latter, the polymer layer is processed before incorporating the dopant
molecules. Introducing the dopant before or after the solidification of the polymer layer has shown
to influence the final morphology and consequently the final properties of doped layers®. Below,
the main aspects of each technique are discussed and their advantages, as well as their limitations,
highlighted.

Co-processing
Co-processing was the first method developed for doping organic semiconductors, where dopant
27,30

and semiconductor are co-evaporated or co-processed from the same solution®*’. Here, we will

focus on solution-based processing.

Processing of

Polymer and i
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Figure 2.4: Illustration of the co-processing technique, where polymer and dopant solutions are mixed
before deposition. Neutral polymer and dopant are represented in blue and gray, respectively, whereas
doped polymer chains are represented in orange (and the corresponding ionized dopant molecules in black).
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Figure 2.4 illustrates the main processing steps of this doping technique. First, polymer and
dopant solutions are prepared separately. This step ensures that both materials are well
solubilized and/or dispersed in the chosen solvent before starting the doping process. Then, the
volume of the dopant solution corresponding to the desired doping ratio is added to the polymer
solution. Finally, the polymer:dopant blend is deposited on a substrate. The schema in Figure

2.4 illustrates the deposition by spin coating, which was the technique used in this thesis. Table
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2.1 details the processing parameters of this doping technique. Note that this doping technique

normally uses the same solvent or mixture of solvents for both polymer and the dopant solutions.

As mentioned in section 2.1.1, several research groups observed the formation of polymer:dopant
aggregates upon the addition of dopant molecules to the polymer solution®2+%2" Additionally,
the doping efficiency presented a correlation with the aggregation process: higher polymer® and

B2 favored

dopant?®” concentrations, as well as lower stirring temperatures for the blend solution
the formation of polymer:dopant aggregates and at the same time improved the doping efficiency.
However, the aggregation process results in a drastic solubility loss, which complicates the

23132 To  avoid

processing of doped solutions containing polymer:dopant aggregates
inhomogeneous layers with poor electrical properties when using the co-processing technique,
polymer solutions are often kept at higher temperatures and processed immediately after mixing
the dopant®. This strategy consists simply in dissolving the polymer:dopant aggregates or
avoiding their formation, ensuring the processability of the solution (and the quality of doped

layers) but compromising the doping efficiency®*.

Table 2.1 —Parameters for doped layers processed with the co-processing technique.

Polymer and dopant Doping Processing of
STEPS . . .

solution (blend solution) blend solution

Solvent Doping ratio Spin coating conditions
PARAMETERS Concentration Stirring temperature ~ Thermal annealing

Stirring temperature  Stirring time
Stirring time

Hence, the co-processing technique has shown to considerably impact the organization of the
polymer chains by the formation of polymer:dopant aggregates already in solution, which may
result in processing complications. It is important to highlight that these processing complications
related to aggregation and solubility loss have only been reported for semi-crystalline conjugated
polymers such as RR-P3HT and PBTTT.

Sequential-processing

As for co-processing, sequential-processing can be performed in solution or via evaporation'™?!.
Here we will only discuss solution-processed layers. The sequential-processing technique is
illustrated in Figure 2.5. This doping technique consists of two deposition steps: first the
polymer and then the dopant molecules, which are incorporated by solid-state diffusion into the
polymer layer without disrupting the conjugation®’. Therefore, doped polymer layers can be
processed without significantly impacting the crystallinity of the pristine polymer. This is
especially interesting for highly ordered polymers, to preserve the original charge conduction

pathways in polymer layers even after the doping process.
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Processing of
polymer solution

Polymer and
dopant solution

1 2 3 Doping 4 Doped layer

Figure 2.5 - Illustration of the sequential-processing technique. The pristine polymer layer is processed
in a first step, followed by the doping with an orthogonal solvent containing the dopant molecules. Neutral
polymer and dopant are represented in blue and gray, respectively, whereas the doped polymer layer is
represented in orange.

The processing parameters for sequentially-processed layers are summarized in Table 2.2. For
this two-step deposition technique, the dopant solution is prepared in a solvent orthogonal to the
polymer. Jacobs et al. emphasized the importance of the choice of the orthogonal solvent, as it
may swell the amorphous or the crystalline phase of the polymer layers, controlling the
intercalation of dopant molecules®. In their study, they observed a higher conductivity at lower
doping ratios for dopant anions kept outside the crystalline phase of the polymer layer. The
exposure time of the polymer layer to the dopant solution (wetting time) has shown no
considerable influence on the doping level of PSHT:FATCNQ layers, suggesting that a fast
equilibrium is reached between neutral FATCNQ in the solvent and ionized FATCNQ in the
P3HT host*. The final doping level for sequentially doped samples was shown to be mainly

controlled by the concentration of the dopant solution®-*,

Table 2.2- Parameters for doped layers processed with the sequential-processing technique.

Polymer and dopant  Processing of

STEPS Dopi
solution polymer solution oping
Solvent Spin coating conditions Wetting time
PARAMETERS C(?nc.cntrat.ion Thermal annealing Spin coating cotllditions
Stirring temperature Thermal annealing

Stirring time

Finally, this doping technique was reported as a potential solution to overcome the processing
issues observed for semi-crystalline polymers doped with the co-processing technique. For RR-
P3HT and PBTTT, sequentially-doped layers presented better homogeneity and superior

electrical properties compared to co-processed layers®*2.

Other solution-based doping techniques

To overcome the limited solubility of molecular dopants in organic solvents, Fujimoto et al.
proposed an adaptation to the sequential doping technique using dopant dispersions, i.e. with
dopant molecules that are not necessarily fully dissolved in the solvent®. Instead of spin coating
the dopant solution from an orthogonal solvent, polymer layers are immersed in an orthogonal

solvent with dispersed dopant molecules. The authors highlight that it is important to heat the
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system to promote thermal energy for the dopant to migrate to an energetically-favorable location
in the polymer layer. Besides, the temperature may also swell polymer layers, allowing the

intercalation of dopant molecules.

Strong Lewis acid, such as tris(pentafluorophenyl)borane (BCF), can also be used as p-dopant
for conjugated polymers*. This strategy had been previously identified for tuning the emission
color of OSCs used in OLEDs***, When using the co-processing doping techniques, BCF has the
great advantage of being highly soluble in organic solvents, resulting in an improved film quality
for higher doping ratios. Oxidative doping was also observed by the immersion of polymer layers

into a polyoxometalate solution in nitromethane®.

Recently, another doping technique was proposed consisting of exchanging the p-dopant anion
by a second anion provided by an ionic liquid®. This technique was called anion exchange and
was efficiently demonstrated for PBTTT:FATCNQ. Spontaneous exchange of the FATCNQ
radical anion with the newly introduce anion (ionic salt) was observed, resulting in increased

doping levels (almost one charge per monomer unit) and better thermal stability.

2.1.3 Final considerations

Here, we summarize the positives and negatives aspects highlighted in the literature for the co-
processing and sequential-processing technique (Table 2.3) and discuss the choice of doping

techniques for this work.

Table 2.3— Positive and negative aspects of the co-processing and sequential processing doping techniques.
Asterisks (*) indicate aspects that concern semi-crystalline polymer hosts.

CO-PROCESSING SEQUENTIAL-PROCESSING
. Known dopant concentration . Uniform layers even at higher doping levels*
. Single deposition step . Higher doping efficiencies®
+ . Single solvent . Polymer morphology can be preserved
. Better control of the dopant location (amorphous
or crystalline domains) in the polymer layer*
. Processing complications (polymer:dopant ) )
aggregates) at higher doping levels* Indirect doping level
- . Change in polymer morphology * Two deposition steps
o Lower doping efficiencies* . Low solubility of dopant molecules in solvents

orthogonal to the polymer
° Rougher layers

The existing literature investigating the processing conditions of doped conjugated polymers
focused mainly on semi-crystalline polymers (PBTTT and RR-P3HT), due to their superior
electrical properties. Semi-crystalline polymers present good charge transport properties
compared to amorphous polymers, associated with their ability to form aggregates n-m-stacked
domains™?. However, in solution, the doping process has shown to interfere in this aggregation
process, forming polymer:dopant aggregates with poor solubility in the initial solvent. This
doping-induced aggregation process becomes particularly pronounced for higher dopant
concentration, limiting the performance and the film quality of doped semi-crystalline hosts. In
this context, sequential doping avoids solubility complications related to the doping process and

preserves the ordered morphology of semi-crystalline polymer hosts (see section 2.1.2).
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When comparing the positive (4) and negative (-) aspects of each doping technique listed in
Table 2.3, it becomes clear that several advantages and complications were only observed for
semi-crystalline polymer hosts (indicated by asterisks). However, only a small fraction of
conjugated polymers used for organic devices present semi-crystalline morphologies as PBTTT
and RR-P3HT. Therefore, the advantages and complications of each doping technique should

also be verified for polymer hosts with less organized morphologies.

In this thesis, we study PBDTTT-c and RRa-P3HT, rather amorphous conjugated polymers.
Even though the existence of doping-induced aggregation issues is still to be verified, we chose
to work with the co-processing technique. The main reasons for this choice were the direct
correlation between the (known) dopant concentration with the conductivity and the fact that
the existing literature on PBDTTT-c:Mo(tfd-COCF;);s employed this technique, which can be
used as reference® *!. Besides, this technique has also an advantage in terms of simplicity for
scalability, since it is a one-step deposition process. To be able to compare both techniques when
doping disordered hosts, the sequential-processing technique is briefly tested in 2.4.1, when

discussing the maximum conductivities achieved for our doped layers.
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2.2 CHARACTERIZATION OF PRISTINE MATERIALS

Independent of the molecular doping technique, the first step consists in preparing pristine
polymer and dopant solutions. As indicate in Table 2.1 and Table 2.2, there are several
parameters to be chosen, such as solvent, concentration, and stirring conditions. Besides, to infer
the impact of the doping process on the optoelectronic properties, it is crucial to characterize the
initial state of the involved materials. In this context, this section characterizes pristine polymers,
and p-dopants studied in this thesis and verifies the impact of process parameters on their initial

properties.

The main solvent used in this work is o-Xylene because of its halogen-free composition, an
important criterion for the upscaling of organic electronic devices. Table 2.4 summarizes the
characterizations and physical parameters measured for polymer and dopants. For more details

on the characterization techniques and measurement setup, see Appendix A.

Table 2.4- Characterization techniques and physical parameters measured in this section.

PHYSICAL PARAMETERS
TECHNIQUE
Polymers Dopants

* Optical bandgap
» m-1* absorption ¢ Neutral and ionized
* Aggregation of polymer absorptions

chains

UV-Vis

TLM * Conductivity of pristine )
polymer layers

* Degree of crystalinity
GIWAXS * Lamellar and n-nt stacking -
distance

* HOMO and LUMO levels <« LUMO and LUMO-1 levels

cv * Electrochemical stability e Electrochemical stability

This section is organized into three parts. In the first two, we present the characterizations
performed on pristine polymers (PBDTTT-¢c and RRa-P3HT) and p-dopants (FATCNQ and
Mo(tfd-COCF});), respectively. The resulting properties are summarized and discussed in the
third and last part.

2.2.1 Pristine Polymers

Several techniques were used to characterize the initial state of PBDTTT-c and RRa-P3HT.
First, we present UV-Vis measurements used to determine the m-r* absorption of neutral polymer
chains. This characterization is also used to investigate the aggregated state of PBDTTT-c chains
that, contrary to RRa-P3HT, do not present completely amorphous signatures. This part is
followed by the X-ray scattering measurements (GIWAXS) performed on PBDTTT-c layers, to
further characterize their morphology. Then, we present the conductivity of pristine polymer

layers, followed by the measurement of the HOMO and LUMO positions by cyclic voltammetry.
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UV-Vis absorptions

Contrary to RRa-P3HT, which is known to present amorphous UV-Vis signatures, D—A
copolymers as PBDTTT-¢ were reported to present aggregated chains in solution and thin
layers*. Figure 2.6 presents an example of UV-Vis absorption spectra found in the literature
for PBDTTT-c and PTB7, the latter being a widely studied D-A polymer. Both spectra are
similar, which is in agreement with their similar compositions. For PTB7, the peak at ca. 635
nm was attributed to m—n* transitions along the conjugated backbones of the polymer, while the
peak at ca. 680 nm was attributed to the interchain m—m* transitions due to m—m stacking
interactions of adjacent backbones**. In other words, the peak at higher wavelengths (ca. 680
nm) was associated with aggregated PTB7 chains. The same peak assignment was used for m—mn*

transitions and aggregates in PBDTTT-c chains (Figure 2.6).
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Figure 2.6 ~UV-Vis spectra of PBDTTT-¢ (chloroform)* and PTB7 (chlorobenzene) * taken from the
literature.

Considering the techniques presented in section 2.1.1 to control the aggregation of polymer
chains, we verified if the conformation of PBDTTT-c chains could be modulated by changing the
polymer concentration, the solvent, and the temperature of PBDTTT-c solutions. The results
are presented in Figure 2.7. The curves were normalized at 635 nm, to highlight the relative
changes with respect to the peak at 680 nm (attributed to aggregated chains in the literature).
The concentration of PBDTTT-c solution is limited to ~0.025 g.L*, due to the saturation of the
absorbance spectra for higher concentration. The measurements were performed on 1 ¢m path

length quartz cells.

Varying the solution concentration from 0.025 to 0.0025 g.L'! does not change the absorption
spectra of PBDTTT-c in o-Xylene (Figure 2.7a, dark and light blue line). In other words, the
interchain and intrachain interactions are not impacted by the selected concentration range. The
inset in Figure 2.7a shows a picture of both solutions. Regarding the influence of the solvent,
since o-Xylene is not necessarily a good solvent for PBDTTT-c, two halogenated solvents widely
used for conjugated polymers were chosen: chlorobenzene and chloroform. The solubility of
PBDTTT-c chains showed to be better in chloroform compared to chlorobenzene and o-Xylene

(faster dissolution). However, no significant change is observed in the UV-Vis spectrum of
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PBDTTT-c in chloroform, only a slight blue shift combined with a decrease in intensity of the
680 nm peak (dotted line, Figure 2.7a), which may be associated to the better solubility.
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Figure 2.7 — UV-Vis spectra of PBBTTT-c solutions under different conditions: (a) different solvents and
concentrations and (b) increasing temperatures. The inset in (a) shows a picture two different
concentrations in o-Xylene.

To verify the impact of the temperature, a PBDTTT-c solution in chloroform was heated up to
50 °C and their UV-Vis spectra recorded in situ. From Figure 2.7b we can see that increasing
the temperature of PBDTTT-c solutions results in both an attenuation of the 680 nm peak
intensity and a spectral blue shift. This behavior was also observed by Bencheikh et al.** for
PTB7 solutions and was explained by a decrease in the interchain interactions at higher

temperatures, resulting in a disorder that breaks the aggregates in solution.

From the results of Figure 2.7, we conclude that the conformation of PBDTTT-¢ chains in
solution is only slightly affect by parameters that increase the solubility. For all PBDTTT-c
solutions, the UV-Vis spectra presented three peaks with their maximum at 435 nm, 635 nm and

680 nm, in agreement with the literature® .

Table 2.5-Parameters for processing PBDTTT-c and RRa-P3HT layers of different thicknesses.

PBDTTT-¢c SOLUTION LAYER DEPOSITION
Solvent  Concentration Stirring Conditions Spin coating thickness
g L] [h] *Cl frpm]  [s]  [rpm.sT] [nm]
o-Xylene 5.0 12 25 1000 60 300 20+5
o-Xylene 10.0 12 50 1000 60 300 4515
o-Xylene 15.0 12 50 500 60 300 1005
o-Xylene 19.0 12 50 500 60 300 1805

For PBDTTT-c layers, only o-Xylene was used as a solvent. We characterized samples with layer
thicknesses varying from 15 to 200 nm (PBDTTT-c¢ concentration 5 — 19 g.L'). The details
regarding the processing parameters for each layer are presented in Table 2.5. All solutions were

stirred overnight before deposition, to ensure complete dissolution of the polymer. For higher
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PBDTTT-c¢ concentrations, the stirring temperature overnight was increased to 50°C, but all

solutions are processed at room temperature.

Figure 2.8a compares the absorption spectra of PBDTTT-c in solution and as a thin layer (15
nm). Attenuation of the 680 nm peak intensity is observed for the thin layer, indicating a decrease
of the aggregated fraction. Otherwise, the resulting spectra are very similar, suggesting no
significant differences in the interchain interaction, i.e. no important rearrangement between the
solution and the solid-state, as commonly reported for homopolymers like P3HT™*. This result
is in agreement with the literature on D-A copolymers and is explained by the rigidity and
planarity of the polymer backbones™*. In other words, even in solution, this class of polymers

does not lose their conjugation length and their n—m stacking.
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Figure 2.8 — UV-Vis spectra of PBDTTT-c in solution (0.025 g.L') and as a thin layer (solution of 5
g.I-!) 15nm-thick layer), in o-Xylene (a). The inset shows a picture of the respective solutions. In (b), we
compare the UV-Vis spectra of different layers thicknesses. The dotted line is for a sample that was
annealed at 120°C for 15 minutes.

Figure 2.8b compares the absorption spectra for PBDTTT-c films of different layer thicknesses.
The dotted curve indicates the spectrum of the 15 nm layer after a post-annealing treatment of
120°C for 15 minutes. We observed no clear changes in the absorption spectra after the thermal
treatment. The relatively low sensitivity to thermal annealing might also be explained by the
strong intermolecular interaction of PBDTTT-c chains, consistent with the strong aggregation
observed already in solution. Regarding the impact of the layer thickness in the UV-Vis spectra:
the thicker the PBDTTT-c layer, the more pronounced is the contribution of shorter wavelengths.
Besides, the proportion of the peak at 680 nm becomes less pronounced compared to the one at
635 nm, which suggests an increase of disordered regions for thicker samples. Last, the absorption
edge measured for PBDTTT-c solutions and thin layers is of ca. 770 nm, resulting in an optical

bandgap of 1.61 eV. This value is in agreement with the literature**'.

For RRa-P3HT, we characterized the UV-Vis spectra in solution (0.025 g.L!) and as a thin layer
processed from o-Xylene, to have a reference spectra in our processing conditions. No aggregation
is expected for these polymer chains due to the presence of random side chains, resulting in a

nonplanar polymer backbone that prevents ordered structures®. As for PBDTTT-c, the
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concentration of the RRa-P3HT solution is limited by the saturation of the absorbance spectra
at ca. 0.025 g.L'. The 20 nm-thick RRa-P3HT layer is processed from a 5 g.L* solution in the
same conditions indicated in Table 2.5. The resulting UV-Vis spectra are plotted in Figure 2.9

and the inset shows a picture of each solution.

-
o

] RRa-P3HT:
Solution(®)
0.8 - Layer®
06 1 m @

o o
o ~

| |
B

i |
-

Normalized absorbance (a.u.)

I
o

T 1 R = r

350 450 550 650 750
Wavelength (nm)

Figure 2.9 - UV-Vis spectra of RRa-P3HT in solution (0.025 g.I!) and as a thin layers (solution of 5
g.Ii!) 20nm-thick layer), in o-Xylene. The inset shows a picture of the respective solutions.

As expected, one broad peak is obtained for the m-m* transition of both RRa-P3HT samples,
characteristic of solubilized chains (strong polymer-solvent interaction compared to polymer-
polymer interactions) and amorphous layers (unaggregated solid)”. The red-shift observed for
P3HT chains in the solid-state indicated that the chains rearrange after the solvent evaporation
(differently from PBDTTT-c). In the literature, this is explained by a longer conjugation length
in the solid-state, where the polymer chains have fewer degrees of conformational freedom than

6,7,13

in solution®™"*. The optical bandgap extracted from the absorption edge for RRa-P3HT in

solution and as a thin layer are of 2.23 eV and 1.98 eV, respectively.

GIWAXS diffractograms

To correlate the aggregation of PBDTTT-c chains, characterized by UV-Vis absorptions, with a
molecular arrangement, we used grazing incidence wide angle X-ray scattering (GIWAXS).
Considering the amorphous nature of RRa-P3HT, this polymer is not characterized by this

technique. The samples were prepared on clean glass substrates.

To distinguish between features related to the glass substrate and those related to polymer layers,
we recorded diffractograms of PBDTTT-c layers (spin coated, measured as-cast) for different
incident angles (w) and compared them to the signatures obtained for clean glass substrates.
From the resulting diffractograms presented in Figure 2.10, we conclude that for incident angles
below 0.2°, the observed features are mainly related to the PBDTTT-c layer.
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Figure 2.10 - GIWAXS diffractograms of a 30 nm-thick PBDTTT-c layer (blue curves) measured as-cast
for different incident angles (w). The black curve corresponds to the diffractograms of a clean glass
substrate (w: 0.35°).

To investigate the molecular arrangement of PBDTTT-c layers, we measured diffraction patterns
for two different thicknesses: 30 nm (spin-coated) and ~1 pm (drop-casted). The thicker sample
was chosen to increase the scattering intensity but also to verify if the organization of
PBDTTT- ¢ chains are influenced by the layer thickness and/or the deposition technique. Both
samples are prepared from the same PBDTTT-c solution of 5 g.L! in o-Xylene and measured as-
cast. The 30 nm thick sample was spin-coated as described in Table 2.5, whereas the ~1 pm
thick layer was drop-casted and dried slowly overnight inside the glovebox. Figure 2.11 presents
the out-of-plane and in-plane scans for both samples. To allow for a better comparison of the
shape and intensity of the resulting peaks, the diffractograms are superposed at higher diffraction

angles, where no features were detected.
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Figure 2.11 — GIWAXS diffractograms of PBDTTT-c layers casted from o-Xylene in out-of-plane scan
(a) and in-plane scan (b). Comparison between drop-casted (1 pm-thick) and spin-coated (30 nm-thick)
layers.

First of all, the low diffracted intensities and the few broad diffraction peaks indicate an overall

disordered morphology. Thus, the presence of aggregated PBDTTT-c chains in the UV-Vis
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spectra is not necessarily correlated with an ordered morphology, i.e. with crystallites presenting
long-range periodicity. Besides, similar diffractograms are observed for both samples, indicating
that the layer thickness and the drying process have no strong influence on the ordering of
PBDTTT-c chains. This is consistent with the UV-Vis results, which presented no influence of
process parameters (e.g. concentration and temperature) on the aggregation of PBDTTT-c
chains. We fitted the peaks using the HighScore software, to allow for a more precise analysis of
their position and sharpness. The results are presented in Table 2.6. For more details on the

fitting process and on the GIWAXS technique, see Appendix A.

By performing out-of-plane and in-plane measurements, it is possible to verify if the polymer
layers present preferential orientations parallel or perpendicular to the surface of the sample,
respectively. Besides, it allows determining the characteristic distances of lamellar and n-stacking.
A diffraction peak at a small angle usually corresponds to lamellar packing distances. Inversely,
a diffraction peak at large angles usually corresponds to close intermolecular stacking rising from
the interaction of neighboring aromatic rings — commonly called m-stacking®. In ordered
morphologies, polymer chains present a preferential orientation, i.e. the lamellar-stacking is
observed in a different direction than the m- stacking. Figure 2.12 presents a simplified
illustrations of the lamellar and n-stacking distances for ideal cases of face-on and edge-on

orientations for visual representation.

Edge-on Face-on

Figure 2.12 — Illustration of lamellar (I.) and n-stacking () distances for ideal cases of edge-on and face-
on orientations.

The out-of-plane scan of PBDTTT-c layers present two peaks, one with an interplanar distance
of 3.9 A, in the order of m-stacking distances in conjugated polymer chains, and a second with a
periodicity of 16-17 A, in the order of lamellar stacking. In the in-plane direction, only one clear
diffraction peak was observed with an interplanar distance of 19.5 A, also in the order of lamellar
stacking. This peak was only observed for the thicker sample, which may be related to the lower
scattering intensity of the 30 nm sample. Hence, the diffractograms of PBDTTT-c layers
presented characteristic lamellar and n-stacking distances in the same scanning direction (Figure
2.11a, out-of-plane scan), suggesting a morphology with mixed phases, i.e. some backbones with

“edge-on” orientation and others with “face-on” orientation.
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Comparing with the literature, a preferential “face-on” orientation was observed for PTB-based
polymers (for instance PTBT7), with a characteristic m-stacking distance of ~3.9 A and lamellar

50

stacking with a periodicity of ca. 17 A®. These values are very similar to the diffraction peaks
found for PBDTTT-c (Table 2.6). Therefore, we attribute the peak with interplanar distance
of 3.9 A (out-of-plane scan) to the m-stacking of PBDTTT-c¢ chains with “face-on” orientation.
Further analysis should be carried out to allow a more precise determination of the conformation

of mixed phases in PBDTTT-c layers.

Table 2.6— Peak fitting of 30 nm and 1 pym PBDTTT-c layers.

Sample Fitting info. units Qut-of-plane In-plane
Peak position (A 0.37 1.57 -
Spin coated Height [cts] 1255 376 -
(20 nm) FWHM [A] 0.24 0.36 -
d spacing [A] 17.0 3.9 -
Peak position [A1] 0.39 1.57 0.32
Drop casted Height [cts] 1100 744 302
(1 pm) FWHM [A7] 0.21 035 0.7
d spacing [A] 16.0 3.9 19.5

Last, these results highlight an interesting interplay between the microstructure and the electrical
properties of PBDTTT-c layers: despite the relatively low fraction of organized domains, high-
performance OPV devices can be achieved in the literature®*. This may be associated with the
presence of aggregates in PBDTTT-c layers (UV-Vis results), even if small and/or relatively
disordered (GIWAXS results). As discussed by Noriega et al.!, if the molecular weight of the
polymer is high enough, an effective pathway for charge transport is formed by interconnected
aggregates, and high carrier mobilities can be expected even for polymers presenting near
amorphous diffraction spectra. This reasoning might correlate our experimental results on the
aggregation and molecular arrangement of PBDTTT-c chains with the performances reported in

the literature.

Conductivity

The conductivity of pristine PBDTTT-¢ and RRa-P3HT were measured with TLM samples,
processed under the conditions presented in Table 2.5. For more details on the TLM technique,
i.e. measurement and extraction of conductivity values, see Appendix A. Pristine PBDTTT- ¢
layers exhibited a conductivity of around 4x10® S.cm™. Neither the layer thickness (20-200 nm)
nor the thermal annealing (115°C/15 min) showed a significant impact on the measured
conductivity. Since the measured values are close to the measurement limits of our system
(~1x10°* S em™), these results are not further discussed to avoid over-interpretation of data. For
pristine RRa-P3HT, the conductivity could not be measured with our setup, meaning that it is
below 1x10® S ecm™. These values are consistent with the low carrier density expected from neutral

polymers®™.
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Energy levels by cycle-voltammetry

The electrochemical bandgap of PBDTTT-¢c and RRa-P3HT was measured with cyclic
voltammetry (CV). The polymers were analyzed as a thin layer and not in solution, due to the
poor solubility of conjugated polymers in solvents with a wide electrochemical stability window.
For both polymers, 5 g.L'! solutions were stirred overnight in o-Xylene and drop-casted on the
working electrode. Once the polymer layer was dry, the working electrode was immersed in freshly
distilled acetonitrile with the supporting electrolyte. See Appendix A for more details on the

setup and data extraction.
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Figure 2.13 - Voltammograms obtained for PBDTTT-¢ (a, b) and RRa-P3HT (c, d) casted on the
working electrode. Experimental conditions: ACN, scan rate 50mV.s"', 0.1 M [NBud4|[PF6], Pt electrode,
0.01 M Ag/AgNO; calibrated Fc'/Fe.

! and

The voltammograms reported in Figure 2.13 were recorded at a scan rate of 50 mV.s
calibrated to the half-wave oxidation potential of ferrocene (Fc*/Fc). Figure 2.13a presents the
half-wave oxidation potential of Ferrocene, the electrochemical stability window of acetonitrile,
and the electrochemical stability of PBDTTT-c over several cycles. All these scans were recorded

from the same distilled acetonitrile. The same was performed for RRa-P3HT and is plotted in
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Figure 2.13c. Note that the stability window of acetonitrile only allows us to measure the
oxidation wave of the RRa-P3HT layer.

When comparing the oxidation waves of both polymers over different cycles, a clear first cycle
effect is observed for RRa-P3HT. For PBDTTT-c, only slight changes can be seen. This result
is interesting because it shows that even though PBDTTT-c presented characteristics of
aggregation, the layers allow better accessibility of ions compared to the amorphous P3HT ones.

Otherwise, both polymers presented electrochemically stable and reversible processes.

Figure 2.13b presents the onset potentials extracted from the oxidation (E™) and the
reduction (E"") waves of PBDTTT-c using the tangential method. The HOMO level measured
for PBDTTT-c is of -5.1 £0.1 eV and the LUMO level of -3.1 +0.1 eV. Chen et al. measured
HOMO and LUMO energy levels of -5.12 et -3.35 eV, respectively®. Therefore, the
electrochemical bandgap measured for PBDTTT-c layers is ca. 2.0 eV and is in agreement with
the literature. The difference between the electrochemical and the optical bandgap (measured by
UV-Vis) gives us an approximation of the exciton binding energy in organic semiconductors,

9,54

typically in the range of 0.3-0.5”**. For PBDTTT-c, the exciton binding energy extracted from

our measurements is of ca. 0.45 eV.

Figure 2.13d presents the E, ™ extracted from the oxidation wave of RRa-P3HT, which
resulted in a HOMO level at -5.3 V. In the literature, the energy levels of PSHT measured by
CV have shown to vary considerably with packing order, where larger HOMO energies are
obtained with increasing disorder®. Therefore, the measured HOMO 1is consistent with the

amorphous nature of the P3HT.

The results presented for pristine polymer solutions and layers are summarized in section 2.2.3.

In the following, we present the characterizations performed on pristine dopant molecules.
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2.2.2 Pristine dopants
The initial state of FATCNQ and Mo(tfd-COCF3)s, are characterized by UV-Vis measurements,

which allows inferring the state of the dopant molecule (neutral, ionized, etc.), and by CV. The
latter was carried out to determine the LUMO levels of both molecules and, consequently, their

p-doping ability towards the selected polymer hosts.

UV-Vis absorption
To be able to analyze the absorption spectra of both p-dopants in the conditions chosen for this
work, Figure 2.14a,b present reference UV-Vis absorptions from the literature of the neutral
(solid line), monoanion (dashed line) and dianion (dotted line) FATCNQ™* and Mo(tfd-
COCF3)5” molecules.
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Figure 2.14 — Reference UV-Vis spectra of pristine Mo(tfd-COCF;)5” (a) and FATCNQ® (b) compared
to the spectra measured in this work for Mo(tfd-COCF3)s (¢) and FATNCQ (d) dissolved in o-Xylene.

For our experimental UV-Vis spectra, both p-dopants were dissolved in o-Xylene and the UV-
Vis absorbance was measured only for solutions, as no continuous layers are formed when spin-
coating or drop-casting the Mo(tfd-COCF3); solutions from o-Xylene. Dopant solutions of
2x10 2 g.L'! were measured in 1 cm path length quartz cells. The concentration is considerably

lower than the one used for processing doped layers (2 g.L') due to the saturation of the
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absorbance spectra. For sake of comparison, the inset in Figure 2.14c,d present images of dopant

solutions of both concentrations, for UV-Vis measurements and doping (2x10? g.L'* and 2 g.L'").

For Mo(tfd-COCF3)s, two defined peaks are observed at 394 nm and 584 nm slightly blue-shifted
compared to the neutral reference at 399 nm and 596 nm (Figure 2.14c). This might be
correlated to a solvatochromic effect as the reference spectra from the literature were measured
in dichloromethane™. From Figure 2.14¢, we assume that Mo(tfd-COCF}3); in o-Xylene is mostly
in its neutral state. The impact of different organic solvents on the absorption spectra of Mo(tfd-
COCF3)s is further discussed in section 3.2.4. Note that Mo(tfd-COCFs); absorbs in the same
spectral range as PBDTTT-c.

For FATCNQ), one defined peak is observed at approx. 385 nm as for the neutral reference
(Figure 2.14d), but the additional shoulder at approx. 365 nm is less defined when compared
to the literature (Figure 2.14b)%. Besides, our spectra present an additional broad but less
intense peak at higher wavelengths that do not correspond to any feature in Figure 2.14b. We

assume, however, that the measured FATCNQ spectrum in o-Xylene is mostly in its neutral state.

Energy levels by cycle-voltammetry

The redox potentials of Mo(tfd-COCF3)s and FATCNQ were measured in solution (2.10% mol.L ')
with CV. FATCNQ was dissolved in acetonitrile and Mo(tfd-COCF3); in THF, due to its low
solubility in acetonitrile. In Figure 2.15a, b, we present the electrochemical stability of Mo(tfd-
COCF;); and FATCNQ over several cycles, as well as the ferrocene and solvent references
measured under the same conditions. For both dopants, the reduction occurs via two, remarkably
stable and reversible, one-electron transfers™. Such electrochemical stability of the anion and

dianion species are valuable for long-lasting operations.
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Figure 2.15 - Voltammograms obtained for Mo(tfd-COCF;); (a,c) and FATCNQ (b,d) in THF and
acetonitrile respectively. Experimental conditions: scan rate 50mV.s?, 0.1 M [NBu4][PF6], Pt electrode,
0.01 M Ag/AgNO; calibrated Fc'/Fe.

Figure 2.15c,d presents the redox potentials extracted for Mo(tfd-COCFs); and FATCNQ),
respectively. The successive reduction waves are assigned to the LUMO and LUMO +1 levels,
also referred as EA" and EA". For Mo(tfd-COCF}3)s, we obtained ca. -5.3+0.1 eV and -4.5+0.1 eV
for the LUMO and LUMO +1 levels, respectively. For FATCNQ, we obtained ca. -5.0£0.1 eV
and -4.54+0.1 eV for the LUMO and LUMO +1 levels, respectively. In the literature, -5.2 eV is
the reference value for the LUMO level (EA") of FATCNQ, measured by CV® and UPS™.
Regarding Mo(tfd-COCF3)s, the redox waves obtained in this work are in agreement with the
electrochemical data measured by Mohapatra et al.””. Besides, UPS measurements were also
performed in the literature for other molybdenum tris(dithiolene) derivatives, such as Mo(td)s (-
5.6 eV)* and Mo(tfd-CO;Me)s (-5.0 eV)*. In conclusion, the LUMO level of -5.3 eV extracted
from our CV measurements for Mo(tfd-COCFs); is consistent with the literature, since this

dopant has shown to be a stronger oxidizing derivative than Mo(tfd-CO.Me)s"".

7



CHAPTER 2 - MOLECULAR DOPING: PROCESSING AND CHARACTERIZATION

2.2.3 Final considerations for the doping process

Above, we characterized the initial properties of the selected polymers and p-dopants with the
processing conditions (solvent, concentrations, layer thickness, etc.) that will be used for the

doping process.

Even though both polymers hosts present overall disordered molecular arrangements, the
UV- Vis spectra of PBDTTT- ¢ showed characteristics of aggregated chains in solution and thin
layers, whereas for RRa-P3HT only amorphous signatures were observed. Interestingly,
parameters such as solvent and polymer concentration presented no considerable impact on the
aggregated form of PBDTTT-c chains. Note that the aggregation process in solution was reported

as beneficial for the doping efficiency®*.

Regarding the UV-Vis absorptions of polymers and p-dopants, it might be challenging to identify
the contribution of p-dopants in doped layers, especially when using Mo(tfd-COCF;)s. This
dopant presented an extensive overlap of its neutral and ionized absorption signatures with the

ground-state absorption of polymer hosts, specially PBDTTT-c.

B PBDTTT-C RRa-P3HT F4TCNQ Mo(tfd-COCEF,),
3L
!
;?D
af
S L5V
or=H E—
+ -5.0 eV
-5.3 eV

Figure 2.16 — Representation of the energy levels measured by CV for polymers and p-dopants. Filled
bars indicate HOMO levels (IE); unfilled bars indicate LUMO levels (EA), and dotted lines LUMO-1 levels
(EAY).

The schema in Figure 2.16 summarizes the energy levels measured for the polymers and the
p- dopants by CV. Deviations from absolute values reported in the literature are not an issue
here, since our goal was to verify their relative positions, e.g. if the HOMO of the polymer is
higher or lower than the LUMO of the dopant. Since materials were measured with the same

setup, the relative energy differences between the studied materials are comparable.

Assuming the absence of intermolecular electrostatic interactions®, the LUMO of Mo(tfd-
COCF3)s (~ -5.3 e€V) should favor efficient electrical doping of both polymers, PBDTTT-c and
RRa-P3HT. Regarding FATCNQ, even though the LUMO is a few eV higher than Mo(tfd-
COCF;);, we also expect a p-doping effect with this dopant molecules®. We should, however,
keep in mind that the energetic landscape in doped systems might be considerably different from

the energy levels measured for isolated materials.

In the following section, we optimized the doping protocol using the co-processing technique. The

doping signatures are discussed in the last section of this chapter (section 2.4.)
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2.3 OPTIMIZATION OF THE DOPING PROTOCOL

Achieving homogeneous doped layers with reproducible characteristics has shown to be
challenging, especially for higher doping ratios®. Molecular doping may induce the formation of
polymer:dopant aggregates in solution, which have shown to be beneficial for the doping efficiency
but may result in processing complications at higher doping concentrations, related to a solubility
loss of doped aggregated chains®**. Consequently, parameters varying the fraction of aggregated
and solubilized polymer chains have shown to influence the doping reaction in solution?2%%,
These parameters include the polymer and dopant concentration, the solvent choice but also the
stirring time and temperature of the blend solution. Therefore, the processing conditions can
impact considerably the polymer:dopant interactions and should, therefore, be studied carefully

to improve the performance and reproducibility of doped layers.

This section aims to identify the important parameters controlling the doping process of
PBDTTT-c:Mo(tfd-COCF3)s in o-Xylene to define the doping protocol to be used in this thesis.
The doping is performed with the co-processing technique, which allows a direct correlation
between the dopant concentration and the doping signatures. This is a valuable aspect when
studying the impact of the dopant concentration of the optoelectronic properties of polymer

hosts.

Regarding the calculations of dopant concentration, we chose to express it in molar fraction
(mol%) of polymer monomers. In the literature, we can also find the dopant concentration written
in weight fraction (wt%). However, molar fractions allow for better control of the ratio between
polymer monomer and dopant molecules and avoid, therefore, saturating the blend in dopant
molecules (adding more dopant molecules than available polymer monomers). For example for
P3HT:FATCNQ), the system presented signs of saturation for dopant concentrations above ca.
16 mol% , which was explained by the absence of free polymer segments (one dopant molecule

interacts with approx. 3 thiophene monomers)?"%.

The following relation is used to prepare doped solution at a given dopant concentration (mol%)
with the co-processing technique:

CaVaM,

Dopant molar ration (mol%): AR
p'pd

Equation 2.1

Where C, V and M correspond to the concentration, volume and molecular weight of the polymer

(p) and dopant (d), respectively. This equation is demonstrated in Appendix B.

The optimization of the doping protocol is presented in two parts. First, through UV-Vis-NIR
absorptions, we verify the impact of the stirring conditions of polymer:dopant blends on the
doping process in solution. In the second part, we study the impact of process parameters on the
UV-Vis-NIR and conductivity of doped layers, to identify key parameters controlling the doping
signatures and to achieve reproducible results. At the end of this section, the final processing

protocol is detailed and its reproducibility tested.
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2.3.1 Influence of the stirring conditions of blend solutions

This first part analyzes the impact of the stirring conditions and the dopant concentration on
the UV-Vis-NIR spectra of PBDTTT-c:Mo(tfd-COCF3)s solutions. Only o-Xylene was used since
this thesis aims to study doped layers with non-halogenated solvents. Note that for pristine

PBDTTT-c no considerable influence of the solvent could be observed in the UV-Vis absorption

spectra (see Figure 2.7).

PBDTTT-c (5 g.L'') and Mo(tfd-COCF3)s (2 g.L') solutions were stirred separately overnight
inside the glovebox. Then, the appropriated volume of dopant solution was added to the polymer
solution. The dopant concentrations chosen were 5, 10 and 15 mol%. The PBDTTT-c:Mo(tfd-
COCF3)s solutions were stirred for 5 minutes at room temperature. For the solution with 15
mol% of Mo(tfd-COCFs3)s, two stirring times were compared: 5 min and 4 hours. To measure the
UV-Vis-NIR spectra of blend solutions, they were diluted to 2.5x10?2 g.L* of PBDTTT-c, as the

absorbance saturates for higher concentration using 1 cm path length quartz cells. The resulting

spectra for PBDTTT-c:Mo(tfd-COCF3); solutions are presented in Figure 2.17a.
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Figure 2.17 -UV-Vis-NIR spectra of different polymer:dopant solutions (lines). Filled areas represent the
spectra of pristine polymer and dopants. For PBDTTT-c:Mo(tfd-COCF3); solutions, the spectra were
recorded for different dopant concentrations (5 mol%, 10mol% and 15 mol%) and stirring times: 5 min
(solid line) and 4h (dotted line). The insets present pictures of pristine polymers and polymer:dopant

solutions.
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Clearly, no difference is observed for the resulting UV-Vis-NIR spectra of PBDTTT-c:Mo(tfd-
COCF3);s solutions when varying the dopant concentration from 5-15 mol% or the stirring time
from 5 min to 4 hours. Neither absorption bands in the NIR nor changes in the spectra of the
pristine PBDTTT-c. In other words, no doping signatures can be observed from the absorbance
spectra. The inset in Figure 2.17a highlights the absence of visible changes upon doping
PBDTTT-c solutions. The neutral spectrum of the dopant is also plotted in the same graph to
illustrate its contribution. The fact that the contribution of the neutral Mo(tfd-COCF3); cannot
be clearly distinguished can be explained by the lower molar absorptivity and concentration of

the dopant molecule combined with the overlapping of the absorption range.

The other doped systems selected in this thesis present a less intense overlapping of the
absorption bands, meaning that one can distinguish if the dopant is in its neutral or ionized
state. Therefore, the absorbance spectra of PBDTTT-c:FATCNQ, P3HT:Mo(tfd-COCF3); and
P3HT:FATCNQ solutions were also measured and are plotted in Figure 2.17b,c and d,
respectively. All three systems were doped at 10 mol%. Polymer (5 g.L') and dopant (2 g.L')
solutions were stirred separately overnight inside the glovebox. The FATCNQ solution at 2 g.L*
presented sign of saturation when left without agitation at room temperature. The blend solutions
were stirred for 2 hours at RT before dilution for the UV-Vis-NIR measurement (2.5x10? g.L! of
polymer). All three systems presented neutral spectra of both polymer and dopant. The insets in
Figure 2.17b, ¢, d show the respective polymer solutions before and after doping, where no signs
of aggregation or colors changes can be observed. This is in agreement with the absorbance

spectra of neutral polymers, even after dopant addition.

Finally, these results are different from those published in the literature, where even in solution
one could observe doping signatures in the absorbance spectra of P3BHT:FATCNQ**"%. However,
these studies used aggregated RR-P3HT and our study used solubilized RRa-P3HT. This result
is in agreement with Farland and coworkers that recently proposed a doping mechanism for
P3HT where aggregation preferentially occurs before the charge transfer step takes place.”® For
PBDTTT-¢c maybe at higher concentration we would observe doping signatures. No higher
stirring temperatures were tested because this parameter showed no influence on pristine
PBDTTT-c solution (Figure 2.7b). Besides, higher temperatures were reported to decrease
doping-related signatures®. Therefore, we can conclude that at low concentration, the stirring
conditions and the dopant concentration have no particular influence on the polymer-dopant
interaction of the PBDTTT-c:Mo(tfd-COCF5); blend solution.

2.3.2 Optimization of the processing protocol of doped layers

To enable a controlled doping process with reproducible optical and electrical properties, this
section investigates the impact of some critical process parameters identified in the literature on
the final properties of doped layers. Here, the doping signatures of PBDTTT-c:Mo(tfd-COCF});
layers are characterized in terms of conductivity and UV-Vis-NIR signatures. The dopant
concentration is fixed at 5 mol%. Note that the discussion presented in this section will be focused

on quantitative variations induced by the selected parameters. The doping signatures as well as
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the impact of the dopant concentration on the optical and electrical properties are discussed

details in section 2.4, after defining the processing protocol.

First, we present the impact of the stirring conditions as well as the polymer concentration on
the final properties of doped layers. In the second part, we investigate the impact of post-
annealing treatments, and on the third and last part, we briefly infer the stability of doped layers
under argon atmosphere and ambient air. These stability results are particularly relevant for
planning experiments, as it allows verifying if samples can be stored before characterization

and/or if precaution should be taken for measurements under ambient air.

Impact of stirring conditions and layers thickness

The processing parameters analyzed for doped layers were the stirring conditions of the blend
(time and temperature) and the polymer concentration, even though the further presented no
impact on the UV-Vis spectra of blend solution. Varying the polymer concentration allows

verifying if homogenous doping can be achieved for doped layers of different thicknesses.

Table 2.7 presents the concentrations and processing parameters used for the samples discussed
in this section and their respective conductivities. The Mo(tfd-COCF3); concentration used for
all samples was 2 g.L''. Two stirring conditions were tested for polymer:dopant solutions prior to
spin coating (after dopant addition): 5min/25°C and 300 min/80°C. Regarding the layer
thickness, to obtain doped layers in a similar thickness range as measured for pristine PBDTTT-
¢ (15- 200nm), we prepared PBDTTT-c:Mo(tfd-COCFs)s solutions with the same final PBDTTT-
¢ concentrations (5 g.L''-19 g.L'").

The impact of the stirring conditions of PBDTTT-c:Mo(tfd-COCFs)s blends on the UV-Vis-NIR
spectra of doped layers is presented in Figure 2.18a. The resulting spectra are very similar and
only a small variation is observed for the conductivity (Table 2.7). This is in agreement with
the results presented for PBDTTT-c:Mo(tfd-COCF3)s solutions. However, different from the
solution that presented the signatures of neutral polymer and dopant, thin films present clear
absorptions bands in the NIR, which are characteristic of an effective doping. The doping
signatures will be discussed in details in the following section (section 2.4).

Table 2.7— Table all dopant solution were of 2 g.L'! and were stirred overnight at room temperature, 5%
mol.

PBDTTT-c:Mo(tfd-COCF3); solution
(5 mol% dopant)
Conc. Volume Stirring Volume Stirring Conc. Layer (X 102 )

PBDTTT-c solution Layer deposition

Conductivity

(Cp)  (Vp) Couditions (Vd) Conditions polymerdopant  -P" ©MHE e

L] (ul] [L]/[*C] [ml] [min]/[*C] [-L':g LY [rpml/[s]/[rpms!]  [nm] [S.com!]
5,5 900 12/25 150 5/25 4,7.0,28 1000/60/300 17+ 2 220 £ 0.3
55 900 1225 150 300,80 47:0,28 1000/60/300 1762 1.30 0.2
145 800 12/50 350 5/25 10,1:0,60 1000/60/300  45+5 293+ 0.3
27 600 12/50 500 5/25 15,0:0,9 500/60/300 955 2.16 £ 0.1
45 600 12/50 815 5/25 19,1:1,15 500/60/300  135%5  3.70 £ 0.1
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Regarding the influence of the layer thickness, Figure 2.18b presents the resulting UV-Vis-NIR
spectra and Table 2.7 the respective conductivities. All layer thicknesses presented clear doping
signatures in terms of conductivity and NIR absorptions (normalized at 640 nm), where the same
doping induced bands are observed for all four thicknesses. The intensity variation observed for
the NIR bands corresponds to the variations of the conductivity values, i.e. higher conductivity
values present NIR bands of higher intensities. This variation might be related to the different
fractions of amorphous and aggregated chains, as observed for pristine PBDTTT-c (Figure 2.8).
However, no particular trend was observed between the variation in doping signatures and the
layer thickness. Thus, we conclude that PBDTTT-c¢ concentrations up to 19 g.L' can be
efficiently doped with this technique.
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Figure 2.18 -UV-Vis-NIR spectra of PBDTTT-c:Mo(tfd-COCF3)3 layers doped at 5mol%: (a)
comparison between two different stirring conditions (before layer deposition) and (b) different layers
thicknesses.

It is worth mentioning that no solubility problems were encountered during the processing of
PBDTTT-c:Mo(tfd-COCF3); solutions, regardless of the stirring conditions and polymer
concentration. Comparing to the literature on RR-P3HT:F4TCNQ, the processing issues
highlighted by several studies using the co-processing technique were associated with the limited
solubility of doped chains in the processing solvent. However, these doped solutions presented
UV-Vis-NIR absorption of ionized species®, contrarily to spectra measured for PBDTTT-
c:Mo(tfd-COCF3)s solutions. Therefore, the absence of solubility issues when processing
PBDTTT-c¢:Mo(tfd-COCF3)s solutions are in agreement with the fact that, in solution, polymer
and dopant presented UV-Vis-NIR spectra of neutral species.

Impact of thermal annealing

The few publications studying the thermal annealing of PBDTTT-c: Mo(tfd-COCF3)s doped
system used 10 min at temperatures varying from 110°C to 150°C**'% However, this processing
step was identified as critical for FATCNQ-doped semi-crystalline polymers such as PSHT® and
PBTTT®. This instability was explained by a temperature-induced dedoping process, i.e. a
dopant desorption through thermal annealing. Therefore, the impact of thermal annealing on

Mo(tfd-COCF3)s-doped conjugated polymers was also verified in this work.
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Figure 2.19 — Impact of thermal annealing on the conductivity (a) and UV-Vis-NIR signatures (b) of
PBDTTT-c¢ : Mo(tfd-COCF;); layers doped at 5 mol% Mo(tfd-COCF3)s.

In Figure 2.19a, we present the impact of different annealing temperature and times on the
conductivity of 15 nm-thick PBDTTT-c:Mo(tfd-COCF;); layers, doped at 5 mol% (processing
parameters according to the first sample of Table 2.7). For temperatures > 100°C, we observe
a strong decrease in the conductivity with the annealing time. This decrease was considerably
less intense for thicker layer, as shown for 100nm-thick samples annealed at 120°C (Figure
2.19a, X symbol). The impact of thermal annealing on the UV-Vis-NIR spectra is shown in
Figure 2.19b. The doping-induced NIR absorption vanished completely after this thermal post-
treatment, and the absorption signatures of pristine PBDTTT-c are recovered. Therefore, from
the conductivity and UV-Vis-NIR results we can conclude that thermal annealing at higher
temperatures (= 100°C) strongly degrades the doping signatures of PBDTTT-c:Mo(tfd-COCF3);
layers. Besides, even at lower temperatures, this post-treatment showed no conductivity

improvement (Figure 2.19a, light rose symbols).

As shown in Figure 2.20, short thermal annealing treatments decrease the conductivity of all
p-doped systems studied in this thesis, FATCNQ-doped layers(Figure 2.20a) as well as Mo(tfd-
COCF3)s-doped layers (Figure 2.20b). Note that PBDTTT-c:FATCNQ layers presented a better
stability against short thermal treatments at 120°C (Figure 2.20a) compared to the other
systems. The UV-Vis-NIR signatures are similar to those observed for PBDTTT-c:Mo(tfd-

COCF3)s layers, i.e. recovery of pristine polymer absorptions.
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Figure 2.20 —impact of thermal annealing on different p-doped systems. All layers are ca. 15 nm thick.

Regardless of the p-doped systems and its layers thickness, thermal annealing presented a
negative impact on the doping signatures. Besides, our results suggest that thermal dedoping is
also the mechanism behind the instability of Mo(tfd-COCF3)s-doped layers at higher
temperatures. In the literature, the thermal instability was associated to a low compatibility of
polymer hosts with dopant molecules®™®. Better thermal stabilities were observed when
increasing the interaction of the dopant molecule with the polymer hosts, for example by using
polymer hosts with polar side chains when doping with the polar dopant FATCNQ™ (see section
1.2.7). Hence, our results suggest that no strong interaction occurs between polymer and p-dopant

in the studied systems.
Finally, no thermal post-treatment step is included in our processing protocol of p-doped layers.

Impact of storage conditions
Having information on the stability of freshly prepared samples under ambient air (short

exposure) and argon atmosphere is important to:

1. Verify if doped layers can be stored inside the glovebox before characterization or if they

should be measure directly after fabrication
2. Verify the possibility of characterizing doped layers under ambient conditions

These are valuable information for the development of a reproducible protocol for processing and
characterizing doped layers. It is worth highlighting that several characterization techniques
commonly used in the literature for doped OSCs such as UV-Vis, FTIR, and GIWAX are

performed under ambient conditions.

Figure 2.21 presents the conductivity values for PBDTTT-c:Mo(tdf-COCF3); layers exposed to
ambient air (1h) and stored overnight inside an argon-filled glovebox, both under dark conditions.
For the sample exposed to ambient air, initial and final conductivity values are measured inside

the glovebox. From Figure 2.21a we can see that the conductivity is not stable under ambient
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air (dark), as a significant decrease is observed after 1h. Regarding the stability under argon

atmosphere, the conductivity showed to be stable in the considered timescale (Figure 2.21b).

a Under ambient air b Under argon atmosphere
1 9.0E-03 R 1.0E-02
S 2.3E-03 5 \
n -
~ o
° | §
initial 1h initial 12h

Figure 2.21 — Storage of PBDTTT-c:Mo(tdf-COCF3)s layers (15nm, 5 mol% Mo(td-COCF;)s) in dark
boxes under ambient air (a) and argon atmosphere(b).

Hence, from these results we highlighted that air exposure should be avoided during the
fabrication and characterization of doped layers. Therefore, the fabrications as well as the
conductivity measurements are performed inside the glovebox. Regarding other characterization
techniques that cannot be performed under controlled atmosphere, such as UV-Vis-NIR
measurements, the air exposure of the sample was minimized to a few minutes (<30 min).
Additionally, even though PBDTTT-c:Mo(tdf-COCF3); presented to be relatively stable inside
the glovebox (at short timescales), we chose to characterize only freshly prepared samples (unless

specified).

The air stability of p-doped conjugated polymers is investigated in detail in chapter 3.
Nevertheless, this short stability experiment shines a light on possible challenges for the large-

scale processing of p-doped layers under ambient atmosphere.

2.3.3 Conclusions and final doping protocol

This last part summarizes relevant processing aspects highlighted in this section and presents

the final doping protocol used in this thesis.

Differently from the literature on p-doped semi-crystalline conjugated polymers, we observed no
processing difficulties related to a solubility loss when co-processing rather amorphous polymers
with molecular dopants. This might be correlated to the fact that no effective doping signs were
observed in polymer:dopant solutions (Table 2.8). However, the absence of doping signatures
in solution might also be associated to the low concentration used for the analysis. Therefore,
another hypothesis is that the aggregated form of PBDTTT-c¢ doped chains is close to the
conformation of pristine polymer chains, presenting similar solubility. Or, that the fraction of
doped aggregated chains is small compared to pristine polymer chains, resulting in no visible

changes in the solubility. Regardless of the reason, our results indicate that the stirring conditions
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(time and temperature) of our co-processed doped layers had no influence on the final properties
of thin layers.
Table 2.8— Experimental protocol for preparing pristine and blend solutions, and for the layers deposition.

The blend solution corresponds to the moment where the dopant volume is added to the polymer solution
(co-processing technique).

PARAMETERS DOPANT SOLUTION POLYMER SOLUTION BLEND SOLUTION
> Concentration [g.L™] 2 <10 210 <10 210
=z O
8 E Solvent o-Xylene o-Xylene o-Xylene
o
g o Stirring time overnight overnight 5-10 min
w
N
o Stirring temperature [°C] 25 25 50 25
> Rotation speed [rpm] - 1000 500 1000 500
o
& E Rotation time [s] - 60 60
>
S Q Acceleration [rpm.s™] - 300 300
w
e Thickness [nm] - 15-50 100-200 15-50 100-200

Additionally, we verified that an effective doping can be achieved with the co-processing
technique for doped layers with variable thicknesses. This information is valuable for the future
application of these layers, but also for planning experiments that employ different

characterizations techniques, which may require different layer thicknesses.

Two critical parameters were identified in this section: thermal annealing and air exposure.
Regarding the thermal instability, our data suggest a thermal-induced dedoping process and

0669 Thus, no thermal

observed in the literature for FATCNQ-doped conjugated polymers
annealing is added to the fabrication protocol and the air exposure is avoided as much as possible,
i.e. solution fabrication and deposition are performed inside an argon-filled glovebox and

characterizations were performed under controlled atmosphere whenever possible.
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Figure 2.22 — Variation in the conductivity of PBDTTT-c:Mo(tfd-COCF3)3 samples (5mol%, 15 nm)
using the final fabrication protocol. Samples are processed and measured inside the glovebox.

Table 2.8 summarizes the final protocol, i.e. the experimental conditions used in this thesis for

fabricating pristine and doped polymer layers using the co-processing technique. The
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reproducibility of the protocol was tested for 20 PBDTTT-c¢ samples doped at 5 mol% of Mo(tfd-
COCF3)s, prepared from different solutions in different days. The resulting conductivities are
presented in Figure 2.22, with a mean value of 1.6+0.6x10” S.cm™’. Thus, from the conductivity
distribution presented in Figure 2.22, we conclude that our protocol allows for a controlled

doping process with reproducible conductivities.

In the following, using the doping protocol presented in Table 2.8, we will discuss in more
details the evolution of the doping signatures of the four different systems considered in this
thesis: PBDTTT-c:Mo(tfd-COCF5)s, RRa-P3HT: Mo(tfd-COCF3)s, PBDTTT-c:FATCNQ and
rra-P3HT:FATCNQ.
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2.4 MOLECULAR P-DOPING OF DISORDERED HOSTS

In the previous sections, we characterized the initial properties of polymers and dopants and
optimized our doping protocol (with the co-processsing technique), to achieve a controlled doping
with reproducible results. It is worth highlighting that these results are crucial for a meaningful
study of the doping signatures in polymer hosts, as process parameters can introduce important
variations on the final properties of doped layers (see 2.1.2). Here, we discuss the evolution of
the electrical, optical and morphological properties of PBDTTT-c and RRa-P3HT upon addition
of p-dopants (i.e. Mo(tdf-COCF;)s and FATCNQ).

This section is organized in two parts. First, we evaluate the doping potential of each
polymer:dopant system by means of conductivity and UV-Vis-NIR measurements. Also, to
further investigate the conductivity limit of the polymer:dopant systems, the sequential-
processing technique is briefly explored. In the second part, we investigate the morphological

changes of PBDTTT-c layers upon introduction of dopants molecules by GIWAX.

2.4.1 Conductivity and UV-Vis-NIR spectra

Here, we investigate the evolution of the conductivity and UV-Vis-NIR absorption of PBDTTT-
¢ and RRa-P3HT in the presence of molecular dopants. Conductivity measurements are
performed to verify if there is an effective doping of the polymer hosts, i.e. if the selected
molecular dopants introduce free holes in the conjugated polymers. Regarding the UV-Vis-NIR
measurements, this characterization is used to analyze the doping induced bands and the fraction
of doped and neutral species. This information can give insights on the doping mechanism as

discussed in 1.2.4.

Evolution of the doping signatures as a function of the dopant concentration

Here, we will present and discuss the evolution of the conductivity and UV-Vis-NIR signatures
as a function of the dopant concentration for all four p-doped systems: PBDTTT-c:Mo(tfd-
COCF3)s, PBDTTT-c:FATCNQ, RRa-P3HT: Mo(tfd-COCF3)s, and RRa-P3HT:FATCNQ.
Samples were processed with the co-processing technique, using the optimized doping protocol
presented in section 2.2.3 (see Table 2.8).

The blend solutions prepared for PBDTTT-c:Mo(tfd-COCF3)s, P3HT:Mo(tfd-COCF})s,
PBDTTT-c:FATCNQ and P3HT:FATCNQ are summarized in Table 2.9. Doped layers were
processed with the protocol described in Table 2.8. All samples prepared and discussed in this
section have thicknesses between 15-20 nm. This was achieved by controlling the final polymer

concentration of the blend solution, which was kept constant at 4.7-5 g.L'"".
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Table 2.9— Overview of the solutions prepared for different doping ratios using the co-processing doping
technique.

POLYMER DOPANT POLYMER:DOPANT
SOLUTION SOLUTION SOLUTION
System . . .
Concentration  Volume Volume Doping Concentration Layer
(Cp) (Vp) (Vd) ratio  (polymer : dopant) thickness
[polymer:dopant] [c.11 1] 1] [mol %] [g.L':[g. L] [nm]
53 900 115 4,0 4,7:0,22 15-20
5,5 900 150 5,0 4,7:0,28 15-20
6,2 800 240 8,0 4,8:0,46 15-20
PBDTTT-c: 6,7 750 305 10,0 4,8:0,58 15-20
Mo(tfd-COCF3)s 8,4 600 460 15,0 4,8:0,86 15-20
11 450 600 20,0 481,14 15-20
16 300 725 25,0 4,7:141 15-20
25 200 910 30,0 4,5:1,63 15-20
5 1000 10 1,0 4,9:0,02 15-20
52 900 15 5,0 4,9:0,10 15-20
PBDTTT-c: 5,5 900 96 10,0 4,9:0,19 15-20
FATCNQ 6,1 800 190 20,0 4,9:0,38 15-20
6,5 800 953 25,0 4,9:0,48 15-20
750 306 30,0 4,9:0,58 15-20
6,5 800 100 0,7 4,9:019 15-20
6,5 600 200 2,0 4,8:0,50 15-20
P3HT: 75 550 300 2.8 4,8:0,70 15-20
Mo(tfd-COCF3)3 8,7 500 400 3.6 4,8:0,88 15-20
9,6 500 500 4,0 4,8:1,0 15-20
5,5 900 103 2,5 4,9:0,2 15-20
6,3 700 183 5,0 4,9:0,4 15-20
PSHT: 7.5 550 274 8,0 5,0:0,66 15-20
FATCNQ 8.9 500 370 11,0 5,1:0,85 15-20
9,6 500 479 13,0 5,1:0,97 15-20

The conductivity and UV-Vis-NIR absorption spectra of freshly prepared samples are presented
in Figure 2.23 as function of the dopant concentration. The UV-Vis-NIR spectra are normalized
at the m-1t absorption band of the polymer host, to better observe the changes related to the
doped state. Besides, to help identifying signatures of dopant molecules, their neutral and ionized
absorptions are plotted below the UV-Vis-NIR spectra of doped layers. To facilitate the
comparison of the conductivity changes with the appearance of NIR absorptions of doped polymer
chains, the evolution of the 2300 nm band is plotted together with conductivity results (black
signs Figure 2.23a, ¢, ). This band was chosen due to its relative isolation from other spectral

features such as aggregated polymer chains or neutral and/or ionized dopant molecules.
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Figure 2.23 — UV-Vis-NIR spectra (a,c,e,g) and conductivity evolution (circles in b,d,f;h) of p-doped
layers as a function of the dopant concentration. For comparison, the evolution of the absorption at 2300
nm are plotted together with the conductivity evolution (triangles in b,d,f,h). All layers presented
approximately 15 nm.

For PBDTTT-c: Mo(tfd-COCF3)s layers, clear bleaching of the - transition is observed as the
dopant molar ratio is increased (Figure 2.23a). This variation is concomitant with the growing

of new sub-gap absorption bands in the NIR located at ~1100 nm and beyond 2000 nm. These
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bands are similar to those found by Cobet and coworkers for PBDTTT-c polarons by iodine-

70

doping (peak maxima at ~1033 nm and ~3180 nm)™. The absorption signatures of Mo(tfd-
COCF3); are masked by the m-rt" absorption of neutral PBDTTT-c. Thus, it is not possible to
verify the presence of ionized dopant molecules even at 20 mol% of Mo(tfd-COCF;)s. The
conductivity of this doped system increases seven orders of magnitude, with a maximum of 0.3
S.cm™ at 15 mol% Mo(tfd-COCF;); (Figure 2.23b). Compared to previous studies on the same
polymer:dopant system, our samples presented exceptionally high conductivities.* * The main
difference between our processing conditions and those reported previously for PBDTTT-

c¢:Mo(tfd-COCFs5);5 layers relies on the absence of the thermal annealing post-treatment.

For FATCNQ-doped PBDTTT-c, only slight changes are observed in the UV-Vis-NIR spectra
upon doping, even at high doping ratios up to 30 mol% (Figure 2.23c). A broad band at 1200
nm and a second one beyond 2000 nm grow slightly with increasing the FATCNQ concentration.
No clear absorption neither of neutral nor ionized FATCNQ can be observed. Besides, the
conductivity increase is considerably lower than for PBDTTT-c: Mo(tfd-COCF}3)s, reaching a

maximum of approx. 2x10* S.cm™ (Figure 2.23d).

Regarding P3HT doped layers, the introduction of both FATCNQ and Mo(tfd-COCF;); presented
clear NIR sub-gap absorptions located at ca. 850 nm and beyond 2000 (Figure 2.23e, g). This
bands were also reported for RR-P3HT:F4ATCNQ in the literature and correlated to P3HT
polaron absorptions®™?2. Additionally, in Figure 2.23g we also identify the absorption band of
FATCNQ anion at approx. 865 nm and 775 nm*. A maximum conductivity of approx.
2x10 *S.cm™ was achieved (Figure 2.23h). This value is considerably lower than the ones
reported in the literature for RR-P3HT:FATCNQ), but is consistent with the amorphous character
of our PSHT host.

For P3HT: Mo(tfd-COCF3)s, the fact that we observe clear P3HT polaron bands tells us that we
also have ionized dopants in the samples. However, the absorption of the dopant anion is masked
by the neutral and polaron absorption of P3HT and cannot be discerned in the doped spectra.
The maximum conductivity obtained for Mo(tfd-COCF;); — doped P3HT is 1.2 x 10? S.cm™,
approx. two orders of magnitude higher than for FATCNQ - doped P3HT. This is consistent
with the higher polaron band observed when doping with Mo(tfd-COCF3)s. The low dopant
concentration used here compared to other systems is related to the difference in the molar weight
of Mo(tfd-COCF3); and RRa-P3HT and consequently the solubility limits of the dopant.

For all doped systems, the conductivity and the in the NIR absorption follow the same trend
with the dopant addition (Figure 2.23a, c, e, f): up to a given dopant concentration, a steep
increase in conductivity and in NIR absorption bands is observed, what can be correlated to the
formation of doped polymer chains. At higher doping levels, both doping signatures stop
increasing, indicating that no more doped polymer segments are formed. The saturation beyond
a certain dopant concentration was already reported for other doped OSCs and correlated to the
limited number of dopant anions that can be accommodated in the host material, depending on
the nature of the polymer-dopant interactions®"%"™, Therefore, the slight conductivity decrease

observed for our samples suggests an increase of molecular disorder due to an excess of dopant™.
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Note that all the systems still present a considerable amount of neutral polymer, differently from
rr-P3HT:FATCNQ that presents a complete bleaching of the PSHT n-rt” band at 17 mol %%

Regarding the doping mechanism, one can highlight some interesting facts from the UV-Vis-NIR
spectra presented in Figure 2.23. As discussed in section 1.2.4, this technique allows extracting
valuable information on the state of the materials, i.e. if they are neutral, ionized or if
hybridization of orbitals occurred. Both mechanism were reported to present NIR features
growing with the dopant concentration™. Therefore, this analysis requires a knowledge of the
neutral and ionized signatures of the involved materials. In this context, the two new absorption
bands observed for RRa-P3HT-doped samples have been assigned to the presence of positive
polarons in P3HT backbones®™ ™™™, Besides, for FATCNQ-doped RRa-P3HT, we also see optical
signatures of FATCNQ anions (slightly shifted compared to the reference spectra taken from™).
Even though we do not observed the absorption of ionized Mo(tfd-COCF3)s (probably related to
the lower concentration in the sample combined with a lower molar absorptivity™), our results
suggest that ion-pairs formation is the mechanism governing the doping of RRa-P3HT:FATCNQ
and RRa-P3HT: Mo(tfd-COCF3)s.

Regarding PBDTTT-c-doped hosts, the doping-induced NIR absorption are considerably
different. When doping with Mo(tfd-COCF5)s, we also observed polaron-like absorption bands
close to the value found in the literature™. The absence of clear absorption signatures of dopant
anions can be justified by the overlapping of the absorption spectra, combined with the fact that
the polymer presents a higher concentration and molar absorptivity. Thus, our results also
suggest that ion-pair formation is the doping mechanism for PBDTTT-c: Mo(tfd-COCF3)s. Note
that this conclusion diverge from recent articles studying the same system®, which observed
however different doping-induced absorption peaks. These different results highlight the influence
of the processing conditions on the doping process, as reported by Jacobs et al for
P3HT:FATCNQ™.

The doping-induced absorption for PBDTTT-c:FATCNQ are less pronounced. No band below
2000 nm seems to grow in this system even at higher dopant concentration. Besides, we do not
distinguish absorption of neither neutral nor ionized FATCNQ, which may be hidden by the
polymer absorption. One may argue that lower NIR, absorption are due to the lower LUMO level
of FATCNQ compared to Mo(tfd-COCFs)s. However, if we compare with our results for RRa-
P3HT, we observed nearly the same polaron-like absorption for both dopants, which were
however more pronounced for Mo(tfd-COCF3); doped layers, in agreement with the higher
reduction potential of this p-dopant. Interestingly, RRa-P3HT:FATCNQ presented higher
conductivities than PBDTTT-c:FATCNQ. From the energy levels measured by CV, we would
expect an inverse trend (See Figure 2.16). Note that from all four studied p-doped systems,
PBDTTT-c:FATCNQ is the only one where polymer and dopant present relatively planar
structures. Planarity was reported as a parameter that favor the hybridization of molecular

orbitals involved in the doping process, creation charge transfer complexes® ™.

Finally, an effective doping process was observed for all four systems. Higher conductivities and
NIR absorption were obtained when doping with Mo(tfd-COCF3)s. This result is consistent with
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the higher LUMO level of Mo(tfd-COCFs)s (5.3 eV) compared to FATCNQ (5.1 eV).
Nevertheless, our results also highlighted that the doping process is not only dependent on the
offset between the HOMO of the polymer and the LUMO of the p-dopant. The doping signatures
obtained for PBDTTT-c:FATCNQ suggest that the geometry, for instance the planarity, is also
an important parameter controlling the doping mechanism and, consequently, generation of free

holes in polymer hosts. This observation is agreement with the literature®.

Sequential-processing of Mo(tfd-COCF3)s-doped PBDTTT-c

Here, we compare the conductivity and UV-Vis-NIR absorption obtained for co-processed and
sequentially-processed layers, to evaluate the potential of this two-steps doping technique when
processing nearly amorphous polymer hosts with bulky dopant molecules. The study is performed
with Mo(tfd-COCF3)s-doped PBDTTT-c. Besides presenting the highest conductivities, this
system was chosen to investigate the impact of the doping technique on the aggregation process
of PBDTTT-c¢ chains, and to verify if bulky dopants such as Mo(tfd-COCF3); can be effectively
used for the sequential-processing technique, where dopants are introduced by solid state

diffusion.

When doping semi-crystalline polymer hosts, sequentially-processed layers presented better
overall properties than co-processed layers, which showed homogeneity issues due to a doping-
induced aggregation process (see 2.1.2)*!. Even though we do not observe any kind of processing
issues when co-processing PBDTTT-c: Mo(tfd-COCF5); samples, this section aims to compare
both doping techniques in the context of overall disordered hosts. As far as we know, this

comparison was not yet performed in the literature.

For the sequential-processing technique, the doping is realized in a second deposition step, where
the dopant solution is processed from a solvent orthogonal to the polymer layer (as illustrated in
Figure 2.5). First, we tested the reproducibility of the doping signatures with a protocol taken
from the literature®. Afterwards, we verified the influence of the wetting time (i.e. the time at
which the polymer layers are exposed to the dopant solution) on the doping signatures. For
RR- PSHT:FATCNQ), the doping signatures have shown to be independent of the wetting time,
leading the authors to the conclusion that the equilibrium between neutral dopant molecules (in
the solvent) and the ionized dopant molecules (in the polymer host) is reached extremely fast®.
Since Mo(tfd-COCF3)s is bulkier than FATCNQ, we chose to verify if this conclusion is also valid
for different systems. Last, this doping technique was tested for different layers thicknesses, as

performed for co-processed layers in section 2.3.2 (see Table 2.7).

We chose acetonitrile as orthogonal solvent to PBDTTT-c. The polymer layers were processed
as described in Table 2.8. To test the reproducibility of the processing protocol, the
concentration of the dopant solution and the wetting time were fixed at 0.2 g.L'! and 20 seconds.
Thin polymer layers were prepared by spin coating PBDTTT-c¢ (5 g.L', o-Xylene) to form
approximately 20 nm thick layers. Doping was performed by wetting the PBDTTT-c layer with
Mo(tfd-COCF3)s, waiting 20 seconds, then spinning off the excess solution at 1000 rpm. This
process was adapted from *. The reproducibility of this protocol was tested over five samples

prepared in different days and from different solution. The obtained conductivities are presented
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in Table 2.10, with a median value of 1.2 £0.4x10" S.cm™ (sample 1-5). Hence, we conclude

that reproducible conductivities are obtained with the selected protocol.

Table 2.10— Parameters varied for sequentially doped PBDTTT-c:Mo(tfd-COCF3); layers. Layer
thickness was measured for the pristine PBDTTT-c layer (before doping).

Wetting Layer

Sample time Thickness Conduct_lwty

] (S.cm)
(s) (nm)

1 20 1743 1.22E-01
/ 2 20 1743 8.35E-02
/.\ 3 20 1743 1.07E-01
\\ /'/ | 4 20 173 1.15E-01
\ > 5 20 1743 1.81E-01
v 6 300 1743 1.38E-01
7 20 4515 1.46E-01
8 20 12545 1.19E-01

No significant conductivity variation was observed for a wetting time of 300 seconds (sample 6,
Table 2.10) and for thicker PBDTTT-c layers (samples 7 and 8, Table 2.10). In other words,
for a fixed dopant solution of 0.2 g.L!, we obtained approximatively the same conductivities for
all samples, regardless of the wetting time or the polymer layer thickness. We note that further
analysis are required to verify if Mo(tfd-COCF5); molecules are homogeneously incorporated in
thicker PBDTTT-c layers (e.g. 125 nm) after a doping process of 20 seconds. Nevertheless, this
experimental study suggests that sequential processing can also be used to doped polymer layers
of several thicknesses with 3D dopant molecules. We were not able to test higher dopant

concentration as the solubility of Mo(tfd-COCFs)s in acetonitrile was limited to ca. 0.2 g.L".

To be able to compare both doping techniques, the doping level of sequentially doped samples
was estimated. This was performed as described by Jacobs and coworkers at*’. Basically, as the
doping level of the co-processed samples is known, we used their UV-Vis-NIR spectra to estimate
the doping level of the sequentially processed samples. In Figure 2.23b, we presented the
evolution of the 2300 nm band with the dopant concentration for co-processed samples (taken
after normalizing the spectra to absorption maximum of the n-r” band). Here, we use the linear
region from 0-15 mol% of Mo(tfd-COCF5); to convert the NIR absorption of sequentially doped
layers to doping levels. Figure 2.24a presents the linear fit as well as the conductivity results
for both techniques. The estimated doping level of our sequentially doped samples is of ca. 10
mol%. Figure 2.24b compares the UV-Vis-NIR spectra of a co-processed sample at 10 mol%
with a sequentially processed, where one can verify an identical fraction of pristine and doped

absorptions.
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Figure 2.24 — Comparison between sequentially process and co-processed PBDTTT-c:Mo(tfd-COCF3),
layers. (a) linear relation between NIR signatures of co-processed samples at 2300 nm as a function of the
dopant concentration (black triangles) used to extract the dopant concentration of sequentially doped
samples and comparison between conductivities obtained with both techniques (blue circles). (b)
Comparison of UV-Vis- NIR absorption of sequentially and co-processed layers.

The maximum conductivity (Oma) reached with the sequential doping technique was 0.2 S cm™
for an estimated doping level of 10.5 mol%, higher than co-processed samples with the similar
doping level (8.5 x10? S em™ at 10 mol% of Mo(tfd-COCFs)s), as shown in Figure 2.24a.
Nevertheless, the maximum conductivity value obtained for PBDTTT-c: Mo(tfd-COCFs)s was
0.3 S.cm™ for co-processed samples (15 mol%). Since this values are very close, we conclude that
Omax achieved with both technique are identical. Note that improving the solubility of Mo(tfd-
COCF;)s in a solvent orthogonal to PBDTTT-c¢c may result in higher conductivities for

sequentially doped layers. Here, we were limited to a solubility of ca. 0.2 g.I'! in acetonitrile.

Finally, we can conclude that sequential processing is also a viable technique for doping
PBDTTT-c layers of different thicknesses with Mo(tfd-COCF})s, despite the bulky nature of this
dopant molecule. The Om.x achieved with co-processed and sequentially processed layers are

identical.
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2.4.2 Impact of molecular dopants in the morphology of PBDTTT-c

The diffraction pattern of pristine and doped PBDTTT-c layers were measured to verify the
influence of a planar (FATCNQ) and a 3D (Mo(tdf-COCF;);) molecular dopant on the
arrangements of these polymer chains. The measurements were performed with PBDTTT-c layers
doped at 20 mol% via co-processing. Samples were spin coated and drop casted from the same
solution on glass substrates, to prepared ~20 nm and ~1 pm thick layers, respectively (see Table
2.9 for details on the concentrations). The influence of the glass substrate on the measurement
was verified in section 2.2.1 (See Figure 2.10). To avoid exposing doped layers several hours to
ambient air, these measurements were performed under argon atmosphere inside a graphite dome.
Hence, the doped layers were only exposed a few minutes to ambient atmosphere before installing

the samples in the X-ray diffractometer.
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Figure 2.25 - GIWAXS diffractograms of pristine and doped PBDTTT-c layers casted from o-Xylene in
out-of-plane scan (a) and in-plane scan (b). Comparison between drop-casted (1 pm-thick) and spin-coated
(30 nm-thick) layers.

Figure 2.25 presents the out-of-plane and in-plane scans for pristine and doped PBDTTT-c
layers. To allow for a better comparison of the shape and intensity of the resulting peaks of ~20
nm and ~1 pm samples, the diffractograms are superposed at higher diffraction angles, where no
features were detected. From the out of plane scans (Figure 2.25a), we observe no particular
difference between thin and thick doped layers. Regarding the in-plane scans (Figure 2.25b),
despite the features related to polymer layers, we also observed a diffraction peak of the graphite

dome. A similar peak is observed for both thicknesses at low diffraction angles, but thicker
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samples presented additional broad diffraction features at higher angles. Since these features are
also observed for pristine polymer layers of ~1 pm, they are not related to the doping process,
but to the layers thickness. Here, we are interested in discussing the changes related to the dopant
addition. From the diffractograms presented in Figure 2.25 we conclude that the layers
thickness and the drying process (fast for spin coating and slow for drop casted layers) have

particular influence on the ordering of pristine and doped PBDTTT-c chains.

To allow for a quantitative analysis of the changes related to the dopant addition, the diffraction
peaks were fitted with HighScore software. The thicker samples were used for this purpose, due
to the higher intensities of the peaks. Since no considerable difference was observed for thin and
thick doped layers, the conclusion from the fits are extended for both thicknesses. Figure 2.26
presents the out of plane scans of pristine and doped ~1 pm samples superposed at higher
diffraction angles and the resulting fits. The values extracted from the fits are presented in Table

2.11. For more details on the fitting process, see Appendix A.

a b
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Figure 2.26 — Comparison of GIWAXS diffractograms of pristine and doped PBDTTT-¢ (20 mol%
dopant) layers casted from o-Xylene in out-of-plane.

Before commenting the quantitative results from the fits, one can already conclude from Figure
2.26 that the peaks of PBDTTT-c layers doped with FATCNQ present different shapes and/or
positions compared to pristine and Mo(tfd-COCF3)s doped layers, which are very similar. These
observations are confirmed by the fits. When comparing the fits for pristine PBDTT-c and
PBDTTT-c:Mo(tfd-COCF3)s, the peak positions are very similar but higher FWMH are obtained
for the doped sample, indicating an increase in disorder upon dopant addition. This is consistent
with the quantity (20 mol%) and size of Mo(tfd-COCF3)s. Regarding PBDTTT-c:FATCNQ doped
layers, despite the shift of the Peak 1 (Figure 2.26a), the broader peak observed at higher
diffraction angles (Figure 2.26b) suggest the presence of a second peak. Thus, this broad peak
was fitted with two peaks, Peak2 and Peak 3 (Table 2.11). Interestingly, Peak 2 presented
similar values than for pristine and Mo(tfd-COCF3)s-doped PBDTTT-c. When considering only
one peak (Peak 2), it was not possible to correctly fit this broad peak.
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Table 2.11- Peak fitting for in-plane and out-of-plane GIWAXS diffractograms of pristine and doped
PBDTTT-c layers (20 mol% dopant).

Out-of-plane

Layers PBDTTT-c :Mo(tfd-COCF,), FATCNQ

Peak 1 Peak 2 Peak 1 Peak 2 Peak 1 Peak 2 Peak 3
q (A1) 0.40 1.58 0.38 1.60 0.34 1.57 1.76
Peak position (2theta) 5.6 22.3 5.3 22.6 4.9 22.2 24.9
d spacing 15.7 4.0 16.7 3.9 17.9 4.0 3.6
Height (cts) 848 744.33 685 389 1291 378 141
FWHM(2theta) 3.0 4.92 3.4 6.33 2.5 6,7 4,2

As discussed in section 2.2.1 for the diffractograms of pristine PBDTTT-c, our results suggest a
morphology with mixed phases, i.e. some backbones with “edge-on” orientation and others with
“face-on” orientation, as in-plane and out-of-plane scans presented characteristics distances of
lamellar stacking. If we assume that our PBDTTT-c samples have a preferential “face-on”
orientation and Peak 2 corresponds to their m-stacking distance, the existence of Peak 3 for
PBDTTT-c:FATCNQ doped samples indicates that the FATCNQ interacts with mn-stacked
PBDTTT-c chains. This results are consistent with the planarity of both dopant and polymer
chains, which would allow a stacking of FATCNQ molecules between m-stacked polymer chains.
This observation could also be related to the doping signatures of PBDTTT-c:F4ATCNQ samples,
which suggested a CPX formation for this system and consequently a strong interaction between

1t orbitals of polymer and dopant molecules.

Due to the limited information obtained for higher diffraction angles in the in-plane direction,
we will avoid extrapolating possible explanations for the shift in Peak 1 observed for
PBDTTT- c:FATCNQ samples.

Finally, the presented results indicate that bulky dopants such as Mo(tfd-COCF5); increase the
disorder of PBDTTT-c chains and planar dopants such as FATNCQ change the conformation of
polymer chains, possibly by a packing of FATCNQ molecules between n-stacked PBDTTT-c

chains.
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2.5 CONCLUSION

In this chapter, we characterized the pristine materials, optimized the doping process in the
conditions selected for this work and studied the initial state of p-doped layers. Characterizing
the pristine materials was important for the interpretation of the results obtained doped solutions

and layers. Below, the main conclusion of this chapter are summarized.

When doping PBDTTT-¢ and RRa-P3HT with molecular p-dopants using the co-processing
technique, we observed no processing difficulties related to a solubility loss, regardless of the
stirring conditions (time and temperature) of the polymer:dopant blend or the concentration of
the solutions (or layer thickness). No rigorous control of the doping conditions is needed for the

p-doped layers studied in this work. This flexibility is an advantage for large scale productions.

Two critical parameters were identified in this section: thermal annealing and air exposure.
Regarding the thermal instability, our data suggest a thermal-induced dedoping process for
FATCNQ and Mo(tfd-COCF}5)s doped layers, possibly related to the weak interaction of polymer
and dopant molecules combined with the volatility of the latter. When avoiding these critical

parameters, the optimized doping protocol presented reproducible results.

We showed that sequential processing is also a viable technique for doping PBDTTT-c layer of
different thicknesses with Mo(tfd-COCFj)s, despite the bulky nature of this dopant molecule.

The Omax achieved with co-processed and sequentially processed layers are identical.

An effective doping process was observed for all four systems. Higher conductivities and NIR
absorption were obtained when doping with Mo(tfd-COCF3)s. This result is consistent with the
higher LUMO level of Mo(tfd-COCF3)s (5.3 eV) compared to FATCNQ (5.1 eV). Nevertheless,
our results also highlighted planar polymer:dopant systems, such as PBDTTT-¢:FATCNQ, might
be an disadvantage for achieving higher conductivities, as it favors the hybridization of frontier

orbitals and consequently the formation of CPX.

Finally, the GIWAX diffractograms of doped layers suggested that Mo(tfd-COCF}3)sincrease the
disorder of PBDTTT-c¢ chains, whereas FATNCQ changes the conformation of polymer chains,
possibly by a packing of FATCNQ molecules between n-stacked PBDTTT-c chains. This can be

explained by the bulky and planar geometry of the respective dopant molecules.

Now that we characterized and discussed the initial state of the p-doped layers studied in this
work, the next chapter investigates the stability of the p-doped state under ambient air, i.e. in

the presence of oxygen and humidity.
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AIR STABILITY OF P-DOPED
CONJUGATED POLYMERS

Molecular p-type doping of OSCs has shown to be a promising technique to control the charge
carriers in organic layers and consequently tune their electrical properties. However, the potential
of p-doped layers depends not only on their performance but also on their stability. In this
context, the air stability of p-doped OSCs has received very little attention, although it is a
crucial aspect for the future integration of p-doped layers into printed devices. This is not only
important for scalable fabrication of devices, where air processes should be favored, but also for
their long-term stability, since O, and H.O may be present even in encapsulated devices.

In this chapter, we investigate the stability of p-doped conjugated polymers exposed to ambient
air, i.e. in the presence of O, and H»O related species. First, we present an overview of existing
literature on O, and H,O related charge carrier traps and their impact on the stability of doped
OSCs. The second part presents a throughout investigation on the air stability of p-doped
PBDTTT-c:Mo(tfd-COCF3)s. The stability study is extended to other p-doped systems in the
third part, to have a broader view on the stability of p-doped conjugated polymers under ambient
air. Finally, the last part reinforces the main conclusions of this chapter through simulations and
presents a diffusion model to further explain our experimental results.
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CHAPTER 3 - AIR STABILITY OF P-DOPED CONJUGATED POLYMERS

3.1 BACKGROUND

This section starts with an overview of hole and electron traps introduced in OSCs by O, and
H,0O and discusses the position of HOMO and LUMO levels proposed in the literature for stable,
trap-free charge transport. In the second part, these stability limits regarding the hole and
electron traps present in the air are used to discuss the air stability of n and p-type doped OSCs.
Finally, the last part discusses the expected air-stability of the materials studied in this thesis
regarding the literature on air-traps highlighted throughout this background section. Hence, these
theoretical part presents valuable information to understand the motivations of studying the air

stability of p-type conjugated polymers as well as for the interpretation of experimental results.

3.1.1 Air related traps in OSCs

This section aims to present an overview of the advances in the field of air-related traps, which
compromise the performance of pristine and doped conjugated polymers*?. Water and oxygen
present in ambient air were suggested to introduce traps in conjugated polymers®**. Water is
considered to be omnipresent in OSCs, originating from synthesis and/or from device
preparation®. More precisely, water molecules were reported to fill nanometre-sized voids
present in polymer layers, which generally present a strong driving force to be filled*®. Even
under a controlled atmosphere (H.O <1 ppm), there are sufficient water molecules to fill up voids
in organic layers. Hence, water-related traps are also observed in devices that were not directly
exposed to ambient air’* highlighting the importance of understanding these traps for the
development of stable organic devices, even without air exposure.

Over the last years, electron traps (acceptor traps) have received more attention than hole traps
(donor traps) due to the critical performance degradation observed for n-type OSCs exposed to
ambient air, as well as the limited electron mobility compared to hole mobility**. Consequently,
air instability is commonly associated with n-type OSCs. However, as will be shown in the
following, hole traps are also present in conjugated polymers and have recently received more
attention in the literature.

Traps can be seen as localized states in the semiconductor bandgap that capture free charge
carriers. Acceptor levels will capture electrons and analogically donor levels will capture holes.
Charge carriers (electrons or holes) are present in semiconductors under operation
(photoexcitation, injection/extraction, etc.) or introduced through doping. Hence, to ensure a
trap-free hole (electron) transport of a p-type (n-type) pristine polymer, the HOMO (LUMO)
level should be protected from donor (acceptor) traps. Consequently, for a stable p-type (n-type)
doping, the positive (negative) polarons should also be protected from donor (acceptor) traps.
Depending on their position, traps can also act like dopants, as for example oxygen doping (see
section 1.1.3). However, additional free charges are not always an advantage. For example, if the
electronic semiconductor properties are desired (for example ‘on—off’ characteristics of organic
field-effect transistors or the dark current of organic solar cells), unintentional doping will
negatively affect the device’s performance. These trapping processes are illustrated in Figure
3.1 for pristine and doped conjugated polymers. Note that the trapping process is represented in
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Figure 3.1 by an electron transfer from/to donor or acceptor levels, but other mechanisms are
also possible as discussed below.

In this context, to avoid traps, several studies were carried out to identify their origin, position,
and the underlying mechanism. Below, we present some important advances in the understanding
of air and water-related traps in OSCs.

b

a
p-type doping JEECEHOEEEERE clectron trapping hole trapping n-type doping
) — g; q: I, L Eb + —

p-type OSC n-type OSC p-type OSC n-type OSC

Energy

Illi

Figure 3.1 - Trapping processes for pristine and doped OSCs in the presence of acceptor (a) and donor
(b) traps. For pristine OSCs, ground state (0) and excited states (*) are considered.

Leeuw and coworkers performed one of the first air stability studies for pristine and doped
conjugated polymers®. Their approach consisted in evaluating the redox potentials for reactions
involving conjugated polymers and air species (mainly oxygen and water). Consequently, the
trapping processes illustrated in Figure 3.1 were seen as a redox reaction by Leeuw et al., where
the trapping of electrons (loss of electrons) corresponds to an oxidation process, whereas the
trapping of a hole (gain of electrons) corresponds to a reduction process. To prevent a reaction
from taking place, the standard change in free energy (AG®) of redox reactions involving
conjugated polymers and ambient species should be positive, that is:

AG® = —mFAE® > 0 Equation 3.1

where n corresponds to the mol of electrons, F is the Faraday’s constant (magnitude of charge
carried by one mole of electrons) and AE? the change in potential involving the redox reaction.

Table 3.1 presents an overview of redox reactions involving directly H-O and O discussed by
Leeuw et al.®. Reactions with hydrogen peroxide and ozone are not included here, as these species
are present in lower concentration under ambient conditions (see® for all reactions with species
present in ambient air). The redox potentials are approximated to IE/EA by adding 4.4 eV®’,
Note that these energy levels are approximations as the redox potentials are PH dependent and
do not consider eventual activation energies (overpotentials) required for a reaction to proceed.
With this in mind, Table 3.1 summarizes the donor and acceptor traps proposed by Leeuw et
al. for OSCs in the presence of H,O and air (H,O + O,). Note that to be stable against acceptor
traps, electrons should occupy levels higher in energy than the acceptor level (Figure 3.1a). For
instance, to be stable against H.O and air (H.O + O,), electrons should occupy energies higher
than 3.7 eV and 4.9 eV, respectively®. Analogically, holes should occupy levels lower in energy
compared to the donor level to be stable against donor traps (see Figure 3.1b). According to
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Leeuw et al., the stability of holes is dictated by the oxidation of H,O. Thus, holes should have
energies below 4.9 eV o be stable against H,O°.

Table 3.1 - Acceptor and donor traps derived from redox reactions involving H.O and air (H.O + O,).
The potentials (and consequently the energies) are pH dependent and may present additional
overpotentials. Adapted from®.

Reaction E,u_7 (V vs. SCE) E (eV) trap

2H,0 + 2e~ & H, + 20H™ 0658 47
E’=- 0.244 - 0.05912 x pH ’ ’

acceptor

0, + 2H,0 + 2e™ & HO; + OH™

E%=- 0.438 - 0.05912 x pH 0.024 44 acceptor
0, + 2H,0 + 4e~ & 40H™
2 E”:O.%)S:; - 0.05912 x pH 0.571 4.9 acceptor
2Hy0 + 4h™ © 0, + 4H* 0.571 4.9 donor
E%=0.985 - 0.05912 x pH : :
2H;0 + 2h" © Hy0, + 2H* 1.118 5.5 donor
E’=1.532 - 0.05912 x pH : '
+ +
0z + H;0 + 2h™ © 03 + 2H 1.412 5.8 donor

E’=1.826 - 0.05912 x pH

Besides this electrochemical stability approach, different authors performed systematic
investigations to determine, experimentally, the position of traps in OSCs'**. In terms of electron
traps, several studies reported on an acceptor level at ~3.6 eV***8, Regarding their origin, Zhou
et al. showed that water dissolved in the polymer matrix plays a significant role in this electron

8

trap, which was related to hydrated oxygen complexes (O:(H:0),)®%. Hence, the following

publications identifying the electron trap at ~3.6 eV also referred to O.(H20), clusters as a

145 Note that Leeuw et al. also observed an acceptor level at

possible origin for these traps
~3.7 eV, which was associated with the reduction of water (Table 3.1)°. Most importantly, trap-
free charge transport was observed for electrons populating levels higher in energy than 3.6 eV
L4 Therefore, for air-stable n-type devices (i.e. trap-free electron transport in the presence of

ambient species), the literature commonly refers to LUMO levels below 3.6 eV (or even 4 eV).

Regarding the experimental investigations on hole traps, they were often associated with the

249 However, the trapping mechanisms proposed in the

presence of water in polymer voids
literature vary considerably. Nikolka et al. explained the trapping process by the impact of water
molecules on the torsional potential energy profile of polymer bonds?. Thus, shallow traps arise
due to disorder, i.e. energetic broadening of occupied states in the presence of water molecules.
In terms of electrochemical reactions involving holes, their calculations did not indicate a possible
electron transfer from H.O or H,O-O, complexes to positive polarons (holes) as proposed by

16,9

Leeuw et al®®. However, they argue that hydroxyl anions (OH’) have sufficiently low IP to

transfer an electron to a positive polaron (hole trapping).

Kotadiya et al. also performed calculations to verify if H,O itself could be responsible for hole
trapping by electrochemical reactions®. They discuss that even though the IE of water in the gas
phase (12.65 eV) is too high to cause hole trapping (via electron transfer from H,O to an OSCs),
the scenario changes completely when clusters of water are considered. Their calculations showed
that the IE of a water molecule can drastically decrease when surrounded by an H-O shell, whose
dipole moments stabilize the charge on the water molecule, reducing the gas phase IE from
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~12 eV to ~6eV. Besides, this study showed that the voids in organic materials are large enough
to allow this electrostatic stabilization in water molecules.

Another trapping mechanism related to the presence of water in OSCs was proposed by Zuo et
aB. Interestingly, this study did not observe electron traps at ~3.6 eV**® and hole traps at ~6 eV*
associated with oxidative or reductive reactions with specific compounds. Instead, they reported
on generic traps sitting ~0.3-0.4 eV above the HOMO level (for holes) or below the LUMO level
(for electrons), which arise from electrostatic interactions with water clusters present in
nanovoids of polymer layers (Figure 3.2).

Therefore, the proposed trapping mechanism consists in the stabilization of polarons by water
molecules sitting in its vicinity. This dielectric effect was reported to be independent of the energy
level and the polarity of the charge.
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Figure 3.2 — Overview on the water and air-related traps highlighted in the literature. The energies
illustrated for the electrochemical approach are approximations, which may varied according to the pH
and overpotentials®.

Some techniques have been discussed to remove water-related traps in OSCs, such as thermal
annealing (above 100°C) or solvent annealing®®. Solvent annealing may also promote a
morphological rearrangement that removes the nanovoids, preventing therefore the reuptake of
water. Consequently, this technique showed better effectiveness in removing water traps from
OSCs than thermal annealing®. Additionally, molecular additives that do not act as charge
transfer dopants have also shown to be beneficial to remove water traps in OSCs? The authors
suggested two mechanisms to explain this result: either the additive interacts strongly with water
molecules such as to perturb the polymer-water interaction, or additive-polymer interactions are
more favorable than water-polymer interactions. Thus, different techniques may be employed to
avoid water-related traps.

Finally, Figure 3.2 presents an overview of the air-related electron and hole traps discussed in
this section. Traps found in different materials at the same position, or related to a redox reaction
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requiring a specific energy (potential), are called “universal traps”. General traps correspond
therefore to traps with no specific position, as observed by Zuo et al®. To study the stability of
p-doped conjugated polymers in the presence of air species, we are mainly interested in hole traps
that could interfere with the stability of positive polarons (see Figure 3.1b). Even though the
articles discussed in this section seem to agree on the origin of hole traps in OSCs, for instance
water filling nanometre-sized voids in polymer layers, the underlying physics and their position
are still under debate. These results highlight however the importance of controlling the
preparation, storage, and measurement conditions also for p-type conjugated polymers, as the
presence of water molecules may compromise their performance. Besides, when integrated into
devices, good encapsulations might be required to avoid additional water-related hole traps from
the air.

In the following, we discuss the impact of H.O and O, related traps in the stability of p and n-
doped OSCs.

3.1.2 Stability of doped OSCs in the presence of H,O and O, related traps

In this section, we present some existing studies on the ambient stability of molecular doped
OSCs. As mentioned above, ambient stability is often associated with electron trapping and
oxidation of materials with low IE. Not surprisingly, the existing studies on the stability of
molecular doped OSCs consider mainly n-doped OSCs, particularly the development of air stable
n-dopant compounds. Before discussing separately some stability studies on n and p-type doped
OSCs, some important considerations on dedoping processes in the presence of donor or acceptor
levels are presented. If one considers a doped OSC, a dedoping process refers to the recovery of
the optical and electrical properties of the pristine OSC, i.e., a vanishing of the doping
characteristics. In this context, exposing p-doped (n-doped) OSCs to donor (acceptor) traps may
result in a dedoping process, as the trapping of free holes (electrons) implies a recovery of the
electrical properties of neutral OSCs.

In a recent publication, Jacobs et al. highlighted two dedoping routes: competitive and reactive
dedoping®. If we consider the case of a p-doped conjugated polymer, both dedoping routes start
with a charge transfer from a donor trap to the polymer (Figure 3.3a). For this process to
happen, the donor should present an IE low enough to allow a charge transfer to the unoccupied
midgap state of the polymer (positive polaron), reducing the latter to its neutral state (Figure
3.3a, left). In this scenario, the positive charge of ionized donors balances the negative charge of
ionized dopants. Reactive dedoping still presents an additional step, where the ionized donor
reacts with the ionized dopant and forms a non-doping product. Hence, for a reactive dedoping
the selected donor should be reactive toward the dopant but nonreactive toward the polymer
(Figure 3.3a, right). This mechanism is therefore non-reversible, contrary to the competitive
dedoping where the dopant molecule is not degraded. Analogically, for n-doped conjugated
polymers, the dodoping process may occur in the presence of an acceptor trap, as illustrated in
Figure 3.3b.
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Figure 3.3 — Schematic representation of competitive and reactive dedoping mechanism for p-doped OSCs
(a) and n-doped OSCs (b).

These dedoping routes were demonstrated by Jacobs et al for P3HT:FATCNQ films, using amines
as donor molecules®. Hence, from Figure 3.3 one can conclude that depending on the position
of water and/or air-related traps, they may induce dedoping processes in doped OSCs.
N-doped OSCs

Molecular n-type dopants are sensitive to immediate oxidation in ambient air due to their low
IE, which is however a requirement for an efficient electron transfer to n-type OSCs. For example
Wo(hpp)s is known as an efficient n-type dopant and presents an IE of 2.4 eV®. However,
according to the stability window presented in Figure 3.2 (universal traps, middle panel), this
molecule is prone to interact with air-related acceptor traps, as electrons occupy levels lower in
energy than 3.6 eV. Indeed, this n-dopant is known to be unstable in air. The degradation route
suggested for this molecule starts with an electron transfer to O.(H.O) (EA 2.9 eV) and/or
02(H:0), (EA 3.6 eV) complexes®, and the reactive products were reported to decompose the
dopant molecule by cleavage at their W-W and/or W-N bonds'. Thus, air-stable molecular n-
dopants is still a challenge for synthetic chemists. One solution proposed to overcome this

problem is photo-assisted doping'.

The second challenge of air-stable n-doped OSCs is related to the stability of the anion hosts.
Depending on their energy, the negative polarons may also interact with acceptor traps and
result in a dedoping process, as illustrated in Figure 3.3b (left panel). Tietze et al. showed that

the n-doping effect remained partially active after short periods of air exposure in organic host
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molecules with EA higher than -3.6 eV!3, These experimental results agree with the stability
window presented in Figure 3.2 (middle panel, experimentally measured traps), were electrons
populating energies higher than 3.6 eV experience a trap-free transport. Consequently, the n-
doping effect vanished in the air for host molecules with EA < 3.6 eV. The dedoping after air
exposure was explained by a charge transfer to O,(H-O), complexes (acceptor traps at 3.6 eV),
which is only possible for organic hosts with EA<3.6 eV. The charged O2(H-0); e - radicals were
reported to further react with the charged dopant molecules Wy(hpp)se +, leading to their

11,13

decomposition™. Note that the explanation proposed by the authors corresponds to the
dedoping route illustrated in Figure 3.3b. It is worth mentioning that for n-doped organic hosts
with EA>3.6 eV this study observed reversible electron traps, which were removed by post-
annealing in vacuum®. No recovery of the n-doping effect was observed for organic hosts with

EA<3.6 eV

Hence, the general electron traps at 3.6 eV, associated with O,(H-O). complexes, were also
observed in n-doped OSCs, reinforcing the importance of studying air related traps to improve

the stability limits of doped systems.

P-doped OSCs

Contrary to n-type dopants, molecular p-dopants are usually considered as air-stable materials
since their electrons occupy energy levels far below the universal acceptor traps at 3.6 eV. Besides,
these electrons traps should not interfere with the stability of free holes in p-doped OSCs.
However, as presented in 3.1.1, hole traps have been experimentally observed and associated with
the presence of water, which is assumed to be omnipresent in OSCs even under controlled
atmosphere?*. To the best of our knowledge, there are no studies that verified if water and/or
air related traps induce dedoping processes in p-doped OSCs. Besides, these layers are mostly
processed under inert atmosphere (or vacuum), which obviously tends to minimize the risk of
air-related degradation mechanisms. Since air-processability is an important requirement for the
compatibility of p-doped OSCs with printed electronics, it seems therefore crucial to verify the

stability of the p-doping effect in the presence of air related species.
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Figure 3.4 - Evolution of the sheet resistance (a) UV—vis—NIR absorption spectrum (b) and changes in
color (¢) of PBTTT:FeCl; layers (10mM doping concentration) exposed to ambient atmosphere for 24h.
Adapted from?.
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However, two recent papers have highlighted signs of doping instability under ambient conditions
1516 Vijayakumar et al. observed unstable p-doping characteristics for thin PBTTT:FeCl; layers
exposed to ambient conditions®™. The samples presented an increase in resistance (Figure 3.4a,
for doping concentration of 10 mM), a decrease in the polaronic absorptions (P1 and P2)
combined with a recover of pristine absorption (N) (Figure 3.4b), and consequently a color
change from doped to pristine layers (Figure 3.4c). Nevertheless, the authors do not further
discuss this instability since it is beyond the scope of the study.
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Figure 3.5 — Stability of PABHT:FATCNQ doped layers under argon atmosphere (a) and ambient air (b).
Adapted from®®.

The second article verified the stability of the charge transfer state in PSHT:FATCNQ layers®®.
The authors observed that under argon atmosphere and dark conditions, the conductivity of
doped layers decreased slowly over time (Figure 3.5a). After characterizing the samples in terms
of XPS, UV-Vis, and FTIR they correlated this observation to a conversion of IPA to CPX
states. Consequently, the conductivity loss was associated with the trapping of free charge
carriers in CPX states (see 1.2.4). Additionally, the so-called ICT-to-CPX conversion showed to
be impacted by changes in the electronic environment such as doping concentration, P3HT
molecular weight, and ambient exposure. In particular, the conductivity presented a drastic
decrease under ambient conditions relative to the results under a controlled atmosphere (Figure
3.5b), where the effect of light was reported to be minimal. Therefore, the authors concluded
that the ambient storage facilitates the CPX formation, associated with the presence of ambient
gases, primarily oxygen.

Hence, this first evidence of unstable p-doping under ambient air and also under an argon
atmosphere, further highlights the need of investigating the stability of p-doped systems (i.e.
positive polarons and dopant anions, or CPX states) towards ambient species.

3.1.3 Considerations for the studied p-doped systems

In this section, we compare the energy levels experimentally measured for our polymer hosts and
p-dopants with the trap levels reported in the literature to draw some first conclusions regarding
their expected air-stability. Ideally, neutral and ionized states of p-dopants and polymer hosts

should be stable towards water and air-related traps.
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Figure 3.6 illustrates the energy levels for PBDTTT-¢, RRa-P3HT, F4TCNQ, and

4817 and general traps®

Mo(tfd- COCFs)s in the presence of the so-called universal traps
experimentally found in the literature. Thus, this schema does not include the electrochemical
donor and acceptor levels derived by Leeuw et al. from the standard redox potential of ambient
species (see section 3.1.1). The polaron levels for the polymer hosts were taken from the literature
and are therefore approximations®®. Note that the P1 and P2 optical transitions measured for
PBDTTT-c and P3HT at®® are represented in Figure 3.6 according to the revised polaron
model® (see section 1.2.2), were both transitions start at the HOMO level (H") towards an
unoccupied intragap state (H* and L*). Last, the splitting of the half occupied H* levels (for
polymers) and L~ levels (for dopants) were arbitrary drawn as no information was found
concerning the Hubbard U interaction in the studied materials.
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Figure 3.6 — Representation of the hole traps (blue) and electron traps (red) experimentally measured
for organic materials as well as the energy levels of the conjugated polymers and p-dopants studied in this
work. Both universal and general traps are represented. Note that the values for the doping induced
absorptions (positive polarons P1 and P2) of the polymers are taken from the literature'® and are therefore
approximations. Besides, the schema above uses the revisited polaron model'.

For stable p-doped conjugated polymers, the unoccupied H* level should be far from hole traps,
which could transfer an electron back to the polymer chain and consequently dedope it (see
Figure 3.3a). Regarding the universal hole traps (> 6 eV), both PBDTT-c and RRa-P3HT
present unoccupied intragap states (H' levels ) inside the stability window proposed in the
literature?, i.e. above -6 eV (Figure 3.6, left panel). However, the presence of general water-
related hole traps at +/- 0.3 eV above the HOMO (H") could act as hole traps for both p-doped
polymers. Even though these polymers are not used to conduct electrons in this work, we note
that the LUMO level (L) of both polymers are above -3.7 eV and therefore prone to electron
trapping by universal and general acceptor traps (4/- 0.3 eV below LUMO).

Regarding the p-dopants, the energy levels involved in the doping process (L and L ) of both

molecules are below -3.7 eV and therefore inside the stability window for universal electron traps.
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Besides, L of both dopants is above the universal hole traps (donor traps), meaning that the
dopant molecule should not get ionized according to this stability diagram. Nevertheless, general
water-related electron traps lying +/- 0.3 eV below the LUMO (L") might act as electrons traps
for the single occupied L levels of dopant anions. The HOMO levels of FATCNQ and Mo(tfd-
COCF3); are not represented but lye far below 6 eV.

Finally, it is hard to infer on the air and water stability of the p-doped systems studied in this
work from Figure 3.6, as the universal and general traps result in considerably different
scenarios. For n-doped polymers, the stability of negative polarons against electron traps has
shown to be critical for the overall stability of the n-doped state!®. In analogy, the stability of
positive polarons against hole traps should also be a critical parameter for the stability of p-
doped layers. Additionally, the stability of dopant anions against electron traps might also be an
important parameter for the overall stability of the p-doped state.

In the following section, we present a thorough investigation of the stability of PBDTTT-c:
Mo(tfd-COCF3)s layers under different atmospheres. We chose to focus on this system due to the
highest conductivities (see Figure 2.23) and because we are interested in verifying the stability
of Mo(tfd-COCFs); — doped layers, to infer about the potential of this promising p-dopant
molecule. In section 3.3, we present an overview of the stability results obtained for all four p-
doped systems considered in this thesis under different atmospheres. This comparison allows
verifying if the conclusions obtained for PBDTTT-c: Mo(tfd-COCF}3); are unique to this system
or if they can be extended to other p-doped systems.
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3.2 AIR STABILITY OF PBDTTT-C:MO(TFD-COCEF3);

Air stability is an important aspect defining the potential of molecular doping for electronic
devices. As presented in section 3.1 hole traps present under ambient conditions may affect the
stability of free holes in p-doped OSCs in a similar way than reported for free electrons in n-
doped OSCs**. These hole traps were mainly attributed to the presence of water in nanovoids of
polymer layers. Note that water is believed to be omnipresent in OSCs, highlighting the
importance of studying these hole traps not only for inferring on the air-stability of p-doped
conjugated polymer but also on their stability under controlled atmosphere. In this context, this
section deeply investigates the stability of p-doped PBDTTT-c:Mo(tfd-COCFs)s layers under

different atmospheres.

All samples were prepared following the protocol presented in section 2.3.2. Note that
reproducible initial properties does not necessarily mean reproducible aging behavior, as some
parameters may not be important for the initial doping performances, but have a considerable
impact on long-term stability. As will be discussed in the following, we observed variations on
the degradations kinetics for samples prepared on different days, with identical initial
conductivities. One may list several possible reasons, such as variations in the polymer and
dopant batch (batch-to-batch variation, aging history, contamination, etc.), in the solvent bottle
(contamination, residual water, etc.), or even in the aging conditions (relative humidity,
temperature, glovebox contamination, etc.). Therefore, to avoid introducing hidden variables
that lead to erroneous conclusions, we will only compare quantitatively the degradation kinetic
of samples prepared from the same materials (same batch of polymer and dopant, same solvent
bottle) and aged under the same conditions (unless specified). In other words, the samples
presented in the same graph throughout this chapter were prepared and aged at the same time,

from the same materials (unless specified).

This section is divided into five parts. The first two parts verify the stability of the doping
signature of PBDTTT-c:Mo(tfd-COCF3)s layers under an argon atmosphere (glovebox), to verify
the intrinsic stability of the doped system, and during air exposure (ambient air and anhydrous
air). Particular attention was given to the impact of the layer thickness on the stability of p-
doped layers, as this parameter may vary considerably depending on the application. Besides,
the layer thickness can have an important impact on the permeability and consequently on the
diffusion of oxygen and water-related species®. The third part presents XPS analysis on
PBDTTT-c:Mo(tfd-COCF3); layers after air exposure, to infer on the chemical changes of the
doped system in the presence of O, and H-O related species. The stability of the dopant molecule
towards water and ambient species is further investigated in the last experimental part, before

presenting an overview of the main conclusion of this section.

3.2.1 P-doping stability under controlled atmosphere

Here, the conductivity of freshly prepared PBDTTT-c:Mo(tfd-COCF3)s samples were measured

directly after fabrication and remeasured over time at intervals of several days. Samples were
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3.2 AIR STABILITY OF PBDTTT-C:MO(TFD-COCF3)3

prepared, stored, and measured in the same argon-filled glovebox (<5 ppm O, and H,O). Between
the measurements, samples were stored in black boxes inside the glovebox to limit light exposure.
As mentioned above, samples presented in the same graph were prepared on the same day, from
the same solution, and have seen the same glovebox conditions. We did not perform UV-vis-NIR,
measurements on these samples since it would imply exposing them to ambient conditions. Thus,
it would be hard to separate the potential changes related to the short air exposure from the

ones associated with the glovebox aging.

In Figure 3.7, we present the conductivity variations under a controlled atmosphere for different
layers thickness (varying approximatively from 15 to 140 nm) at a fixed dopant concentration of
5 mol% Mo(tfd-COCF3)s. For all samples, the conductivity decreased over time, especially during
the first month. When considering the normalized loss over time (Figure 3.7 relative to the
initial conductivity oy), a trend can be observed: the conductivity loss of thicker samples appears
to be slower than for thinner ones (Figure 3.7b). A conductivity loss over 90 % of oy is observed
for the 15 nm sample after 4 months under a controlled atmosphere compared to a loss of around
70% for the 140 nm sample.
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Figure 3.7 — Conductivity evolution over time under an argon atmosphere (glovebox conditions) for
PBDTTT-c: Mo(tfd-COCF;); layers with different thicknesses, at a fixed dopant concentration of 5 mol%.
Samples were stored in the dark between measurements. Absolute (a) and normalized (b) values.

Figure 3.8 presents the evolution of the conductivity inside the glovebox for different dopant
concentrations (from 5 mol% to 20 mol%). All samples were around 15nm-thick. Whatever the
dopant concentration, the conductivity decreases over time (Figure 3.8). As observed for
different layer thicknesses (Figure 3.7), the conductivity loss seems more accentuated in the
first month. No particular trend is observed when considering the normalized conductivity loss
over time (Figure 3.8b). The sample at 5 mol% presented the fastest decrease of ca. 95% after
3 months compared to 87 % for the slowest decrease (10 mol% of dopant).
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Figure 3.8 - Conductivity evolution over time under argon atmosphere for PBDTTT-c: Mo(tfd-COCF3);
layers with different dopant concentrations, at a fixed layer thickness of approx. 15 nm. Samples were
stored in the dark between measurements. Absolute (a) and normalized (b) values.

Hence, whatever the dopant concentration or layer thickness, we observed a decrease in the
conductivity of PBDTTT-c: Mo(tfd-COCF3); over time inside the glovebox (dark conditions).
Interestingly, the conductivity decrease observed for 15 nm PBDTTT-c: Mo(tfd-COCFs); layers
under argon atmosphere is in the same order of magnitude as observed by Watts et al. for ~10-
15 nm P3HT:FATCNQ samples'® (Figure 3.5a). Besides, a similar fractional decrease in
conductivity was observed for different dopant concentrations. The authors suggested that this
conductivity decrease is related to changes in the charge transfer state within the doped film, i.e.
conversion of ICT to CPX states, which can also be seen as a trapping mechanism for free charge
carriers. This conversion is proposed to be thermodynamically driven. However, both charge
transfer states have been experimentally observed for P3HT: FATCNQ layer?. Regarding the
PBDTTT-c: Mo(tfd-COCF3); system, the hypothesis of ICT-to-CPX conversion is less probable
if one considers the steric bulk of Mo(tfd-COCFj3); molecules compared to the flat FATNCQ
molecules and their exposed m-orbitals. As discussed in section 1.2.4, the formation of CPX is
due to the hybridization of frontier molecular orbitals of polymer and dopant molecules, mainly

observed for planar polymer: p-dopant systems.

Another possible explanation for this conductivity decrease may be the presence of water in
PBDTTT-c: Mo(tfd-COCF3)s layers (e.g. in nanovoids), which may interact with the positive
polarons and/or dopant anions, or introduce as hole traps*®. Thermal annealing was highlighted
as a technique to remove water from polymer voids**. However, this post-treatment presented a
negative impact on the doping properties of several p-doped systems??3, including PBDTTT-c:
Mo(tfd-COCF3)s (see section 2.3.2). Therefore, solvent annealing could be considered as a post-
treatment to verify the impact of water on the conductivity decrease observed under a controlled

atmosphere.

Finally, the conductivity measurements presented in Figure 3.7 and Figure 3.8 do not allow
to conclude on the mechanism behind the conductivity decrease under a controlled atmosphere.
However, they highlighted the importance of considering the stability of p-doped systems.

Besides, these results are particularly important when planning experiments and
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characterizations, since they reveal that internal processes occur in PBDTTT-c:Mo(tfd-COCF3)s
layers and that one cannot assume that samples stored in a glovebox are the same as freshly
prepared ones. In the following, we present results on the stability of PBDTTT-c:Mo(tfd-
COCF3);slayers under ambient air, to infer on the effect of ambient species, such as oxygen and

water, in the p-doping stability.

3.2.2 P-doping stability under ambient atmosphere

In this section, we investigate the evolution of the conductivity and UV-vis absorption of
PBDTTT-c: Mo(tfd-COCF3);s layers exposed to ambient air. For the UV-vis measurements,
samples are stored in a dark box under ambient air between measurements. For the conductivity
evolution, TLM samples were installed in a measurement bench under dark conditions and I(V)
curves were recorded with a semi-automated program. This avoids opening the measurement
bench (light exposure) and allows obtaining a more precise curve in case of a fast current decrease.
Thus, instead of conductivity versus time, we plot the current evolution at 1V (chosen
arbitrarily). Note that under argon atmosphere all channels of TLM samples were manually

measured to extract the conductivity.

This section is organized into three parts. First, we briefly discuss the impact of air exposure on
pristine materials. The second part investigates the impact of air exposure on the doping
signatures, i.e. conductivity, polaronic absorptions, and spin density. Finally, we explore the
impact of humidity (H>O vapor present in air) on the stability of PBDTTT-c: Mo(tfd-COCF}3)s

layers by comparing the doping stability under anhydrous air and ambient air.

Pristine PBDTTT-c and Mo(tfd-COCF3)s under ambient conditions

For comparison purposes, we verified the impact of ambient atmosphere on pristine PBDTTT-c
and Mo(tdf-COCF3)s. For PBDTTT-c, these measurements are performed on thin layers of ca.
20 nm that are characterized in terms of UV-Vis-NIR absorptions and conductivity. As for doped
layers, the evolution of the conductivity is analyzed by measuring the current of a TLM channel
over time, to avoid photo-oxidation processes by exposing samples to light and oxygen (see
section 1.1.3 for more information on photo-oxidation of conjugated polymers). Regarding
Mo(tdf-COCF3)s, we were not able to prepare homogeneous layers of pristine dopant. Therefore,
dopant molecules are stored under different conditions (glovebox and ambient air) and air-

stability is inferred through the UV-vis spectra of dopant solutions.

Figure 3.9a presents the current evolution over approx. 4 days for PBDTTT-c layers under
ambient air. We observe a significant current increase over time, especially during the first 20h.
This current increase may be attributed to oxygen doping as observed for different p-type
conjugated polymers (see section 1.1.3 for more information on oxygen doping)®*. As shown in
the inset (Figure 3.9a), the current increase does not take place immediately. Regarding the
UV-vis-NIR absorption, no visible changes can be observed for PBDTTT-c layers stored 4 days
in air (dark), neither bleaching of the m-m* absorption nor an increase in the NIR absorption
(Figure 3.9Db). The same result was obtained for different thicknesses, indicating that PBDTTT-

¢ is stable in air under dark conditions (in the considered timescale). Note that for the NIR
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absorptions have a slight polaronic aspect. However, since the UV-vis-NIR measurements are
performed under ambient conditions, we are not able to tell if the NIR absorptions are already
present after fabrication (glovebox), or if they arise between the time the sample left the glovebox

and the measurement (below 30 min). Independently, the NIR absorptions do not increase after

the first measurement even though the current increased during the measured interval.
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Figure 3.9 — Impact of ambient air (dark) on the optical and electrical characteristics of pristine
PBDTTT-c (20 nm layers) and Mo(tdf-COCF3); (solutions): current evolution (a) and UV-Vis-NIR spectra
(b) of PBDTTT-c layers exposed to ambient air during 4 days, and UV-vis spectra of Mo(tdf-COCF3),
solution for dopant flasks (solid) stored under different atmospheres (normalized).

For the p-dopant, we compare the UV-vis spectra of Mo(tdf-COCF;); solutions prepared from
different flasks: one stored several months inside the glovebox and a second stored several months
under ambient air (brown flask). The solutions are measured under ambient conditions, but
prepared in the respective storage environments. As presented in Figure 3.9c, no significant
difference can be observed in the UV-vis spectra. Therefore, we assume that Mo(tdf-COCFs)s

molecules are stable in air.

PBDTTT-c:Mo(tfd-COCF3;); layers under ambient conditions

The results presented in this part were mainly performed with a dopant concentration of 5 mol%.
This dopant concentration allows fabricating homogeneous layers of different thicknesses with
the mixed solution technique without saturating the initial polymer solution (note that the
dopant concentration is limited at 2 g.L'). Besides, PBDTTT-c layers doped at 5 mol% of
Mo(tfd-COCF}3); present a conductivity increase of ca. 6 orders of magnitude compared to pristine
PBDTTT-¢ without being saturated of dopant molecules (see Figure 2.23b). Four layer
thicknesses are prepared: 15 nm, 45 nm, 120 nm, and 200 nm. The initial conductivity of all
freshly-prepared PBDTTT-c:Mo(tfd-COCF;)s layers doped at 5 mol% was ca. 1.5x107% S cm .
Figure 3.10a presents the current evolution during 15h under ambient air (dark) for two samples
(different channels lengths) of each layer thickness. Thanks to a customized printed circuit board,
all the samples were measured at the same time and therefore exposed to the same ambient

conditions.

Contrary to pristine PBDTTT-¢ (Figure 3.9a), all PBDTTT-c:Mo(tfd-COCFs)s layers
presented a current decrease over time. Besides, the current loss upon air exposure is clearly

faster for thinner layers, as also observed in Figure 3.7. For samples of 15 nm, we observed a
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current loss of approx. 4 orders of magnitude in less than 5 hours, whereas for samples of 200 nm,
the current decreased only by a factor of 2 (after 5h). Consequently, these results show that

considering samples with similar thickness is crucial for relevant comparative degradation studies.
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Figure 3.10 - Impact of air exposure on the current of PBDTTT-c:Mo(tfd-COCF3)s layers of different
thicknesses.

Figure 3.10b presents the current evolution for a 500 nm PBDTTT-c: Mo(tfd-COCF3)s sample
over 1000h under ambient air (dark). This graph is interesting because it shows that for thicker
samples, the current decrease observed under ambient conditions may reach a plateau. Even
though the sample presented current decreased of ca. 2 orders of magnitude, it is still over 3
orders of magnitude higher than a pristine PBDTTT-c layer of 500 nm (Figure 3.10b). In other
words, there is a considerable fraction of the p-doping that remains active under ambient
conditions. This is not the case for samples of 15 nm and 45 nm, where all the samples aged in
this thesis reached the current value of pristine PBDTTT-c samples. These results highlight the
impact of the layer thickness on the stability of PBDTTT-c: Mo(tfd-COCF3); samples exposed

to air.

We briefly considered the reversibility of the current decrease under ambient air. The literature
on air-induced dedoping of n-type OSCs verified that doping signatures could be recovered by
removing ambient species responsible for electron traps>!*?*. This was performed by thermal
annealing (T>100°C), secondary vacuum, and/or returning samples to a controlled atmosphere.
Considering the instability of PBDTTT-c:Mo(tfd-COCF;); layers to thermal annealing above
100 °C (see Figure 2.19), we only verified the impact of a controlled atmosphere (argon) and
secondary vacuum (2x10°" mbar). However, no recovery of the doping characteristics was
observed for PBDTTT-c:Mo(tfd-COCF}5)slayers left overnight in the aforementioned conditions.

Regarding the UV-vis-NIR spectra, Figure 3.11a shows the evolution under ambient conditions
for a PBDTTT-c:Mo(tfd-COCF3)s layer of ~15 nm. We observe a clear decrease of the NIR
absorption bands associated with the doped chains combined with a recovery of the pristine
PBDTTT-c it absorption band. After 8h30 air exposure, the UV-vis-NIR spectra of the doped
layers is identical to the spectra of pristine PBDTTT-c¢ (Figure 3.11b). No additional features
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can be verified in the spectra, not even signatures of the dopant molecule. Note that the dopant
absorption may be masked by the PBDTTT-c absorption (despite presenting a higher
concentration, the polymer also presents a higher molar absorptivity). Thus, the absence of
dopant signatures does not allow inferring on the state of the dopant molecule (ionized, neutral,
degraded, etc.). For PBDTTT-c:Mo(tfd-COCF3); layers exposed to ambient air for several days,
we observed degradation signatures on the UV-vis spectra, characterized by bleaching of the
n-m*absorption of PBDTTT-c¢ (dashed and dotted curves in Figure 3.11a). Therefore, even
though the samples were stored in the dark, short periods of light exposure during UV-vis-NIR,
measurements seem to be sufficient to initiate a photo-oxidation of the PBDTTT-¢, and

consequently its degradation®®?’.
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Figure 3.11 — UV-vis-NIR spectra of PBDTTT-c:Mo(tfd-COCF3)3 layers (5 mol% dopant, 15nm-thick).
Evolution under ambient air and dark conditions (a) and comparison of aged samples (dedoped) with
pristine polymer layers (b).

Hence, two different degradations are observed in Figure 3.11 for the PBDTTT-c:Mo(tfd-
COCF;); layer. First, the bleaching of the doping related spectroscopic signatures suggests a
dedoping mechanism upon air exposure (Figure 3.11a, b). Then, after several days under
ambient conditions (dark), we observed an intrinsic degradation of the polymer (Figure 3.11a,
dotted and dashed lines). Here, we are particularly interested in the first degradation, where the

doping signatures vanish.

Both conductivity and UV-vis-NIR measurements point to a dedoping of PBDTTT-c: Mo(tfd-
COCF;); layers in the presence of ambient species. To further reinforce the hypothesis of a
dedoping process under ambient air, we performed electron paramagnetic resonance (EPR)
measurements. This characterization was chosen to verify if air exposure also changes the
concentration of unpaired electrons in doped layers. Unpaired electrons are assumed to be present
in doped layers with polaronic signatures, since the formation of polarons is associated to a charge
transfer between polymer and dopant, resulting in an unpaired electron in the polymer matrix,
which can be detected by EPR. Note that bipolarons, as diamagnetic species, cannot be probed

by EPR measurement.
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Figure 3.12a shows the EPR spectrum of a 100 nm thick sample measured after 1 h and 67 h
air exposure (for more details on the measurement conditions see Appendix A). The strong signal
measured at room temperature is characteristic of organic radicals (g =2.0) and reflects an
efficient charge generation upon doping. After 67h under ambient atmosphere (dark), the
intensity of the signal is significantly decreased. The relative loss of unpaired electrons is
estimated to be 83 %, as calculated from the double integration of the signals (Figure 3.12b).
This result is in accordance with the conductivity loss and the bleaching of the UV-vis-NIR

doping signatures observed upon air exposure.
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Figure 3.12 — Evolution of the EPR spectrum of a PBDTTT-c¢:Mo(tfd-COCF3); layer (5 mol% dopant,
100 nm) exposed to ambient air (a) and the respective double integration of the signals (b).

Morphological changes could also impact the stability of p-doped layers?®?°. However, GIWAX
measurements on thin PBDTTT-c: Mo(tfd-COCF;)s layers showed no clear changes in the
diffraction spectra compared to pristine PBDTTT-c, i.e. no doping signatures could be identified
in 20 nm layers, even at higher doping ratios (see Figure 2.25). Thus, the GIWAX setup used
in this work is not adapted to identify morphological changes on thin doped layers. Note that we
observed morphological changes related to the doping process on drop casted layers (thickness of
ca. Ipm). Nevertheless, as the layer thickness presented a strong impact on the doping instability,
we did not consider the scenario of drop-casted layers comparable with the thin spin-coated ones

studied in this chapter.

In summary, our results suggest that a dedoping process takes place when exposing PBDTTT-
c¢:Mo(tfd-COCFs); layers to ambient conditions. In other words, doped PBDTTT-c¢ chain

returned to the neutral state:
AIR
PBDTTT — ¢ »*: Mo(tfd — COCF3)5 »~ — PBDTTT — ¢ °: Mo(tfd — COCF;)5?

As highlighted in the equation above, the results presented in this section do not allow inferring
on the state of the dopant molecule (neutral, ionized, or degraded). Nevertheless, if we consider

the dedoping mechanism presented in section 3.1.2 (Figure 3.3), this equation should present a
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donor species (hole trap), responsible for transferring an electron back to PBDTTT — c «*, dedoping
it:

AIR
PBDTTT — c «*: Mo(tfd — COCF;)5 »~ — PBDTTT — c o*: Mo(tfd — COCF)5 ™+ donor

COMPETITIVE REACTIVE

_DEDOPING , PBDTTT — c®: Mo(tfd — COCF3)5 o~ + donor «* 222G 9

In the case of a competitive dedoping, the radical donor cations would eventually counterbalance
the charges of the dopant anion®. Or, if the ionized donor is reactive towards the dopant, it may
result in a degradation of the dopant molecule and in this case in a reactive dedoping. In both
cases, the p-doping signatures of the polymer host are expected to vanish. To be able to
distinguish between both mechanism (reactive or competitive), we need information on the state
of the dopant molecule after the dedoping process. Therefore, XPS analyses are performed in
section 3.2.3 to infer the changes in the chemical environment of PBDTTT-c:Mo(tfd-COCFj)s
layers exposed to ambient air. In the following, we investigate the origin of ambient species (i.e.

donor molecules) that introduce hole traps in PBDTTT — c «*.

Investigating the dedoping process under different atmospheres

To gain deeper insights into the impact of water (ambient humidity) and oxygen on the dedoping
process observed for PBDTTT-c:Mo(tfd-COCF5); layers under ambient conditions, we compared
the current evolution under different atmospheres: ambient air, anhydrous air (< 200 ppm H-0)
and argon (< 5 ppm H>O and Os). For the aging under anhydrous atmosphere, samples were
transported from the glovebox in a metal transfer module, which was opened inside the anhydrous
room, i.e. a clean room with controlled temperature and very low relative humidity (< 200 ppm
H>0). An identical measurement bench is used for the samples aged in anhydrous and ambient
air. This experiment was performed on 15 nm-thick doped layers (5 mol% of Mo(tfd-COCFs3)s),
to rapidly highlight the degradation process since faster degradation rates observed for thinner

samples (see Figure 3.10).

The current evolution under controlled atmosphere (glovebox) was already presented in 3.2.1.
We also observed a current decrease over time, but on a time scale of days instead of hours. To
allow for a quantitative comparison between the current decrease under argon atmosphere,
anhydrous air and ambient air, samples presented in Figure 3.13 were fabricated from the same
solution, and aged in the same day. The initial conductivity of all samples was 1.5+0.1 S.cm™.
Clearly, the current decrease under argon atmosphere is slower than under ambient air. Under
argon atmosphere, the current exhibited only a slight decrease in the considered timescale (only
a few hours, differently from the time scale of several moths presented in Figure 3.7 and Figure
3.8).
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Figure 3.13 — Current evolution for PBDTTT-c:Mo(tfd-COCTF;); layers (5 mol% dopant, 15 nm-thick)
exposed to different atmospheres.

To allow for more statistical analysis, Figure 3.14 presents the current decrease for three
different samples aged under argon, anhydrous air, and ambient air. Here, we compare samples
prepared on different days and from different solutions. However, the same fabrication protocol
was used and the initial conductivities are identical. Figure 3.14a and Figure 3.14b compare
the absolute and normalized current decrease under anhydrous and ambient air, respectively.
Since the time scale is considerably different for samples aged under argon atmosphere, the results
are plotted separately in Figure 3.14c.

Regarding the stability under ambient air (Figure 3.14a, b dark blue), a significant variation
can be observed among the three samples, but all presented faster degradations compared to
anhydrous air. For the samples expose to anhydrous air, a similar rate is observed for the current
decrease. Indeed, external parameters such as humidity and temperature are less controlled under
ambient air than inside the anhydrous room. In our experiments under ambient air, the relative
humidity (RH) fluctuated between 40-60% and the temperature between 20-25°C. In other words,
the stronger variation in the current degradation of samples exposed to ambient air may be
associated with variations in ambient conditions. Since the initial conductivities are identical,
the hypothesis of contamination during fabrications is less likely. We note that different polymer
and dopant batches were used in these samples. Even though batch-to-batch variations are often

reported in the literature®, we observed no particular trend related to the change in polymer
and/or dopant batch.
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Figure 3.14 — Current evolution under different atmospheres for PBDTTT-c:Mo(tfd-COCF;); samples
(5 mol% dopant, 15 nm-thick). Comparison between anhydrous and ambient air in absolute (a) and
normalized values (b). The normalized current decrease under argon atmosphere is plotted separately(c).

Under argon atmosphere (Figure 3.14c), a considerable variation can be observed among the
different samples. Considering the small concentration of ambient species inside the glovebox,
these samples may be sensible to parameters such as residuals water in solvents or from synthesis

(that may vary between batches). Besides, we cannot rule out the possibility of glovebox
contamination on a time scale of 200 days.

Hence, from the results presented in Figure 3.13 and Figure 3.14, we can conclude that
ambient humidity accelerates the dedoping rate of PBDTTT-c:Mo(tfd-COCF}3); layers. Besides,
controlling the external conditions (temperature and humidity) resulted in a more reproducible
dedoping process (light blue curves vs. dark blue curve, Figure 3.14). Therefore, to have better
control of the dedoping process under ambient air and to further investigate the impact of
ambient humidity, we developed a more sophisticated measurement bench, where the I(V) curves
were measure in a climatic chamber. In this new measurement bench, the current evolution under

ambient air can be monitored for several samples at the same time (customized printed circuit
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board), under controlled conditions (temperature and relative humidity). Thus, this bench allows
performing statistical analysis on the dedoping process of p-doped layers under controlled ambient

conditions, where the role of humidity (and also temperature) can be further explored.
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Figure 3.15 — Current evolution for PBDTTT-c:Mo(tfd-COCF3); layers (5 mol%, 15 nm-thick)
performed inside a climatic chamber. Impact of RH level on the current decrease for 45 nm sample (a) and
for different thicknesses (b).

Figure 3.15a presents the impact of relative humidity (RH) on the current decrease of a
PBDTTT-c:Mo(tfd-COCF3)s layer (45 nm, 5 mol % dopant). We observe local accelerations at
the moment where the humidity changes, highlighting the sensibility of this p-doped system to
changes in RH. Indeed, variations in RH may explain the shape of the curves presented in Figure
3.14a, where a stepwise decrease is observed for samples exposed to ambient air (dark blue).
Figure 3.15b presents the same experiment for layers of different thicknesses. To verify the
impact of RH on the dedoping rate of different thicknesses, the samples are normalized (to Io)
and the time is set to T, for each RH level(35%, 60% and 85%).Thus, Figure 3.15b compares
the dedoping rate for different thicknesses at three different RH levels.

The first conclusion that can be drawn from Figure 3.15b is the clear effect of the layer thickness
on the dedoping rate, as observed previously in this chapter (Figure 3.10a). Thinner layers
present faster dedoping rates than thicker ones. Regarding the impact of RH, even though local
accelerations are observed when changing the RH (Figure 3.15a), a similar dedoping rate is
observed for the three RH levels, regardless of the layer thickness (Figure 3.15b). Slightly faster
dedoping rates can be observed for thinner layers (15 nm, 45nm, and 120 nm) at 85% RH

compared to lower RH.

The impact of the RH in the dedoping rate is not evident from this experiment. Note that the
RH was changed during the aging process for the same sample and that the current evolution of
PBDTTT-c:Mo(tfd-COCF3)s layers exposed to ambient air (not in the climatic chamber)
presented an exponential-like decay, i.e. faster current loss during the first hours. Thus, when
changing the RH level during the aging experiment, the impact of RH may be hidden in the
exponential-like degradation of doped samples. To further investigate the impact of RH on the

dedoping rate, one should compare samples exposed to different RH during the whole dedoping
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process. Since this aging bench was developed at the end of this thesis, and we were not able to
fully explore the role of RH on the dedoping rate of PBDTTT-c:Mo(tfd-COCF3); layers. Still, we
verified the potential of this aging bench and we consider it a valuable tool for studying air

stability, i.e. the air-induced dedoping process of p-doped OSCs.

In conclusion, the results presented in this section highlighted the role of ambient humidity on
the dedoping process of PBDTTT-c:Mo(tfd-COCF3);s layers: the air-induced dedoping process is
faster for higher RH. In other words, water-related species have an important role in the p-doping
instability under ambient air. This result is consistent with*3, which argue that water can
introduce hole traps in organic semiconductors. However, we cannot exclude the impact of oxygen
on this dedoping process, since we did not consider the p-doping stability under wet nitrogen. In
other words, this water-related donor could be in the form of hydrated oxygen complexes
(05(H20),), as observed in the literature for electron traps®®!”. Or, O, may facilitate the
intercalation of H-O in polymer layers by interacting with the polymer backbone, as observed by
Zhou et al. for RR-P3HT®. Nevertheless, regardless of the role of O,, humidity has shown an
important impact on the dedoping process of PBDTTT-c:Mo(tfd-COCF3); layers under ambient
air. Therefore, we suggest that the donor responsible for the dedoping process under ambient

conditions is a water-related species.

In the next section, we verify the chemical state of PBDTTT-c:Mo(tfd-COCFs)s samples after
dedoping under ambient conditions, to have some information on the state of the dopant

molecule.

3.2.3 XPS analyses on dedoped layers

XPS analyses are performed to infer the changes in the chemical environment of PBDTTT-
c:Mo(tfd-COCFs3)s layers exposed to ambient air and, consequently, to better understand the
dedoping mechanism. Here, we are mainly interested in verifying what happens to the dopant
molecule after the dedoping process under ambient air. From the results presented throughout
this chapter, we were only able to probe the changes in the polymer matrix upon air exposure,
which presented no clear signs of degradation (see section 3.2.2). Therefore, XPS measurements
allow verifying the chemical state of Mo(tfd-COCF;); molecules after the dedoping process under
ambient conditions. With these results, we will be able to distinguish between reactive or

competitive dedoping mechanisms (see Figure 3.3).

To obtain information about the initial state of the pristine materials and to properly assign the
peaks of the doped layers, this section also measures the XPS spectra of pure Mo(tfd-COCFj);
and PBDTTT-c. Regarding the doped layers, to infer on the impact of air exposure on the
chemical state of PBDTTT-c:Mo(tfd-COCF3)s layers, two samples were analyzed: one exposed
to glovebox conditions and another to ambient air (dark). The samples were 15 nm-thick. This
thickness was chosen considering that XPS is a surface analysis and therefore probes only the
first 10 nm of the sample (see Appendix A on XPS technique). Besides, the faster dedoping rate
of 15 nm samples allows analyzing strongly dedoped samples in short periods of air exposure,

avoiding other air-related degradations processes such as photo-oxidation of PBDTTT-c (see
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Figure 3.11a). The dopant concentration used was 25 mol% of Mo(tfd-COCF3); . This higher
molar ratio was chosen to better distinguish between the polymer and dopant signatures. For
5 mol%, the intensity of the dopant features was considerably low and, consequently, difficult to

attribute the chemical state.

Since this chapter did not consider the dedoping process of higher dopant concentration under
ambient air (only for 5 mol%), Figure 3.16 presents the current evolution for both doped
samples analyzed in this section, before entering the XPS chamber. The samples were freshly
prepared from the same solution and monitored overnight under different atmospheres (argon
and air, under dark conditions). Both samples presented an initial conductivity of
approximatively 7.1 102S cm™. After 20h, the conductivity of the sample exposed to air dropped
to 7.5 10° S em! whereas the one stored under argon atmosphere presented a decrease of about
60% (Figure 3.16b), resulting in a conductivity of approx. 4.3 10? S.cm . These results are

consistent with the previous aging test presented in section 3.2.1 and 3.2.2.
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Figure 3.16 — Current evolution of PBDTTT-c:Mo(tfd-COCF;); layers (25 mol%, 15 nm) under argon
atmosphere and ambient air before XPS measurements. Absolute (a) and normalized (b) values.

Since p-dopants can be volatile and XPS analyses are performed under Ultra High Vacuum
(UHV) conditions, we verified the stability of 15nm PBDTTT-c:Mo(tfd-COCF3)s samples at 10°°
mbar. Using a sophisticated sample holder (Figure 3.17a), the current evolution was monitored
inside the XPS UHV chamber. Only a slight decrease in conductivity was observed after 12h
under UHV (Figure 3.17b). Thus, we assumed that our doped samples are stable in the XPS

measurement conditions.
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Figure 3.17 — Stability of PBDTTT-c:Mo(tfd-COCF;); samples (5 mol% dopant, 15 nm-thick) under
UHYV conditions. Sample holder used for I(V) measurements of TLM samples inside the XPS chamber (a).
Stability of the current under UHV conditions compared to ambient air (b).

Last, this section focuses on the S2p and Mo3d core level peak regions, where polymer and dopant
signatures are present and can be clearly distinguished (see Appendix C for Cls, Ols, and Fls
peak regions). Besides, these spectral regions presented clear changes after air exposure, as will
be discussed in the following. The XPS spectra discussed in this section for pristine and doped
layers are presented in Figure 3.18 and their respective binding energies summarized in Table

3.2. Details of peak fitting are given in Appendix C.

The results will be presented in three parts. First, we discuss the chemical state of pristine
polymer and dopant. Then, we show the results obtained for doped layers stored overnight under
an argon atmosphere, to characterize the initial chemical state of PBDTTT-c:Mo(tfd-COCFs)s
layers, before the dedoping process under air. This sample was transported from the glovebox to
the XPS machine in a transfer module, which was opened directly inside the XPS antechamber
to avoid air exposure. Last, we present the spectra obtained for dedoped samples exposed to

ambient air overnight and summarize the main results.

Pristine PBDTTT-c and Mo(tfd-COCF3);

The XPS spectra of pristine PBDTTT-c and Mo(tfd-COCFs); were measured for the bulk
materials.

For PBDTTT-c, the S2p core level spectrum presented a splitting into two doublets (associated
to spin-orbit coupling) at a binding energy of 163.7 eV (2ps,2) and 164.9 eV (2pi2), attributed to
the C-S environment (Figure 3.18a). The lower intensity S2p doublet at higher binding energies
was assigned to SOx groups.

Regarding the dopant molecule, the S2p core level spectrum presented doublets at 162.3 eV
(2ps2) and 163.5 eV (2pi2), which were attributed to the sulfur present in the Mo-S-C
environment (Figure 3.18b). A small fraction of S2p doublets were found at higher oxidation

states assigned to (S,)* and (SO,)-like species, which are possibly related to residual impurities

from synthesis present in the material.
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Figure 3.18 - Mo3d and S2p levels measured by XPS: pristine PBDTTT-c (a), pristine Mo(tfd-COCF;);
(b, ¢), and Mo(tfd-COCF;)s-doped PBDTTT-c layers (15 nm-thick, 25 mol% dopant) after 20h under
argon (d, e) and air ({f, g).

Regarding the 3d spectral region of Mo in the pure dopant molecule, spin-orbit coupling also
induces a splitting of the Mo3d core levels into two doublets (Figure 3.18c, green area): a higher
intensity doublet at 229.1 eV (3ds2) and 232.3 eV (3ds)2), and a lower intensity one at 231.3 eV
(3ds2) and 234.4 eV (3ds/2). Thus, Mo atoms in the dopant molecule are present in two different
oxidation states. Besides, the additional peak at 226.7 eV was assigned to the S2s core level of
the dopant (S2s4p). Comparing with the literature, the Mo3d binding energies reported for
Mo(tfd)s and Mo(tfd-CO;Me)s are similar to those measured for the higher intensity doublet of
Mo(tfd-COCF3)5*32. The authors suggested an oxidation state of 44 for the Mo coordinated with
tris(dithiolene) ligands, as the binding energies are similar to those measured for MoS,*.
Therefore, we attributed the doublet at 229.1 eV (3ds) and 232.3 eV (3dse) to the Mo**
oxidation state and the doublet at 231.3 eV (3ds2) and 234.4 eV (3ds/.) to a Mo fraction at higher
oxidation state, between 44 and 54. The latter was not observed in the aforementioned

publications.

PBDTTT-c:Mo(tfd-COCF3)3 before air exposure
For the PBDTTT-c: Mo(tfd-COCF3)s layer kept under argon atmosphere, the S2p spectral region

presented the C-S environment of the polymer and the Mo-S-C environment of the dopant at
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the same binding energies as measured for the pristine materials (Figure 3.18d). Regarding the
Mo3d spectra region (Figure 3.18¢), we observed the same two doublets of the pure dopant,
attributed to the Mo** and Mo*"/°* oxidation state. In addition to the S2s4.,, we also observed
the S2s core level of the polymer at 228.1 eV (S2s,,). Note that no Mo doublets are observed in
lower oxidation states, as one could expect for dopant molecules in its reduced state (after
electron transfer from PBDTTT-c). Qi et al. presented DFT calculations for the Mo(tfd)s anion
showing that the extra electron is mainly accommodated by the ligands and that Mo is only
slightly influenced by the reduction®’. This behavior was observed in different molybdenum
sulfide complexes, such as Chevrel phases (MogSs), used as electrode material for Mg batteries*.
The charge transfer during the reduction process in MogSs involves both metal and ligands,
inducing structural rearrangements rather than a formal Mo reduction. Additionally, electronic
structure calculations of metal dithiolene complexes revealed an extensive ligand-metal mixing
of the frontier orbitals with redox-active ligands®*. Therefore, conventional oxidation-state
descriptions are not suitable in these metal complexes. This might explain why we observed the
same Mo core levels for pure Mo(tfd-COCF3)s and PBDTTT-c:Mo(tfd-COCF3)s layers.

Table 3.2 - XPS binding energies (eV) of Mo and S levels for pristine bulk materials (PBDTTT-c and

Mo(tfd-COCF;);) and for Mo(tfd-COCF3)s-doped PBDTTT-c¢ layers (25 mol%, 15 nm) before and after
air exposure.
C-S Mo-S-C Mo#+ Mo#+/5+ MoS+
Material 52540p 528,
S2ps,  S2pysn S2pyn S2py,  Moddy, Moddy, Modd;, Mo3dy, Modds, Moddy),

Pristine PBDTTT-c 163.7  164.9 - - - - - -

Pristine Mo(tfd-COCF,), 226.7 - - - 162.3  163.5 229.1 232.3 231.3 234.4 - -

PBDTTT-c: Mo(tfd-COCF;),

. 226.7 2281 163.7 1649 162.3 163.5 229.4 232.6 231.0 234.1 = =
before air exposure

PBDTTT-c: Mo(tfd-COCF}),

q 226.7 2281 163.7 1649 162.3 163.5 230.0 233.1 - - 232.0 235.1
after air exposure

(vanished)

PBDTTT-c:Mo(tfd-COCF3)3 after air exposure

For the PBDTTT-c:Mo(tfd-COCF3)ssample exposed to ambient air (20h), significant changes in
the dopant molecule were detected (Figure 3.18f,g). In the Mo3d spectral region, a higher
intensity doublet appeared at 231.9 eV (3ds.) and 235.1 eV (3ds;.) that can be assigned to a

3637 Besides, we observed a smaller fraction of the Mo*" oxidation state at

Mo oxidation state
slightly higher binding energies: 229.9 eV (3ds/) and 233.0 eV (3dss). No intermediate oxidations
state (Mo**/°*) was observed in this sample. Hence, upon air exposure the d character of the Mo
atom changes from a d* (Mo*") to a d’ (Mo°"), 7.e. from a conducting to an isolating electronic

structure.

Regarding the S2p spectral region, the peaks corresponding to Mo-S-C environment of the dopant
molecule vanished after air exposure (red area, Figure 3.18f). In contrast, no changes were
observed in the peaks assigned to the C-S environment of the polymer (yellow area, Figure
3.18f). This is in agreement with the UV-Vis-NIR measurements of dedoped layers, which

showed no significant changes in the m-rt* absorption of PBDTTT-c after air exposure (Figure

134



3.2 AIR STABILITY OF PBDTTT-C:MO(TFD-COCF3)3

3.11b). Lastly, the total atomic concentration of F in the doped layers presented a significant

reduction after air exposure (from 3.6 to 1.4 at%).

Summing up, exposing PBDTTT-c:Mo(tfd-COCF;)s layers to ambient air (dark) presented no
change in the polymer core levels, contrary to the dopant molecule, which presented an oxidation
of the Mo3d core levels and signs of intrinsic degradation. These results indicate that Mo(tfd-
COCF3)s interacts with species present in ambient air, even though its EA of -5.3 eV.
Interestingly, this degradation cannot be simply associated with traps identified in the literature.
As presented in Figure 3.6, the energy levels of neutral and ionized Mo(tfd-COCF3)s are located
inside the air-stability window for universal traps*®!3. Besides, the presence of general electron
traps at approx. 0.3 eV below the LUMO level® would oxidize the ionized dopant back to its

neutral state, but not necessarily result in a degradation of the dopant molecule.

One possible explanation would be a reactive dedoping process (see section 3.1.2), where the
charged donor e * radicals, resulting from the dedoping process of PBDTTT-c¢ «* to PBDTTT-c
0 further react with Mo(tfd-COCF3)s e radicals. In this scenario, ionized donor species are
reactive towards ionized dopant molecules. According to this hypothesis, the dopant degradation
would be associated with the presence of ionized donor species. Degradation of molecular p-
dopants by ionized donor species present in ambient air was not yet evidenced in the literature.
Hence, in the next section, we further verify the hypothesis of reactive dedoping by investigating

the stability of Mo(tfd-COCFs)s molecules towards water and ambient species.

3.2.4 Stability of Mo(tfd-COCF3;); against H,O and O,

In this section, we aim to verify the hypothesis of reactive dedoping as the origin of the
degradation of Mo(tfd-COCF}3); molecules (see 3.1.2). To verify this hypothesis, we investigated
the stability of pristine dopant molecules in the presence of H-O and O,. A stable behavior would
further support our hypothesis of reactive dedoping, meaning that the degradation only takes
place in the presence of charged donor radicals, which are formed during the dedoping process of
PBDTTT-c:Mo(tfd-COCFs)s layers to ambient air.

In section 3.2, we briefly discussed the stability of neutral Mo(tfd-COCFj);stored under ambient
conditions. The results indicated that neutral molecules are stable under ambient air. Here, we
further investigate the stability Mo(tfd-COCF;); molecules in the presence of H.O. As this p-
dopant does not form homogeneous layers when processed from solutions, this study is performed
with Mo(tfd-COCF3)s solutions, and UV-vis is used as the main characterization technique. This

technique allows inferring the state of the dopant molecule (neutral, ionized, or degraded).

To investigate the stability of dopant molecules towards H.O, small quantities of H-O were added
to the solutions. Therefore, we chose to work with THF (water-miscible) instead of o-Xylene
(non-miscible with water). Note that THF was also used for the CV measurements of Mo(tfd-
COCF3);s. The solutions were prepared inside the glovebox with freshly distilled and degassed
THF. We also removed the stabilizer (BHT), to avoid unwanted reactions with the dopant

molecule. Three solutions were prepared: one reference, one for the stability in the presence of
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H-0O, and a third for the stability in air. The quartz cuvettes were filled and sealed with parafilm
before leaving the glovebox. The reference remained sealed during the experiment. For the
stability in the presence of H,O, 3ul H.O were added to the dopant solution just after the first
UV-vis measurement (Figure 3.19a). The stability Mo(tfd-COCF3)s in air was investigated by
leaving the third cuvette open, under ambient air, to verify if the uptake of O, and H.O by the
solvent impacts the stability of the dopant molecule (Figure 3.19b). All the solutions were

protected from ambient light with an aluminum foil and kept at 25°C.
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Figure 3.19 —Impact of water addition (a) and air exposure (b) on the UV-vis spectra of Mo(tfd-COCF;);
solutions in THF.

There are several interesting points to discuss from the results presented in Figure 3.19. First,
Mo(tfd-COCF3)s molecules interact with H.O (Figure 3.19a) and with O, and H;O-related
species present in air (Figure 3.19b). Since THF is a hygroscopic solvent, it absorbs moisture
and/or other water-related species when exposed to air. Therefore, the changes in the UV-vis
spectra in the case of air exposure may also be related to water molecules. Both scenarios
presented a transition from the spectra of neutral Mo(tfd-COCFs); molecules (initial state) to
monoanionic ones (see Figure 2.14)%. In other words, the UV-vis spectra of Figure 3.19 suggest
that the dopant molecule gets ionized in the presence of H-O, and potentially O, and H.O-related
species present in air. The slower kinetics observed in Figure 3.19b may be associated with the
kinetics of O, and H.O uptake of THF. For Mo(tfd-COCF5)s solution prepared from THF stored
under ambient conditions (neither distilled nor degassed), the resulting UV-vis spectra

corresponded directly to the monoanion (Figure 3.20a, green curve).

Regarding the stability of Mo(tfd-COCF;); solutions with monoanionic character in the presence
of water and ambient species (Figure 3.19), no signs of degradation are observed when protected
from ambient light. Besides, the interaction with water showed a completely reversible behavior:
after solvent evaporation and a drying process under argon flow, the dopant presented the initial
neutral signatures. In other words, our results show that no covalent bond is formed between
Mo(tfd-COCF3)s and water.
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These observations suggest that the degradations observed with XPS analysis for Mo(tfd-
COCF3)s molecules, after the dedoping process in air, are not simply associated with the presence
of O, and H,O related species. To further explore the stability of dopant anion in the presence
of water and ambient species, this experiment should be repeated with chemically reduced
Mo(tfd-COCF3)s molecules, to ensure that we are analyzing the ionized state of the dopant
molecule (as found in PBDTTT-c: Mo(tfd-COCFs); layers). For example, it could be interesting
to perform this experiment with a UV—Vis spectrometer coupled to an electrochemical cell, where
the dopant solution could be electrochemically ionized, and the evolution of the UV-vis spectra

upon addition of water and/or absorption of ambient species verified in situ.

Interestingly, the transition from neutral to ionized UV-vis spectra was also observed for other
solvents as shown in Figure 3.20a. All solutions were prepared in air (on the same day), from
the same dopant batch (the solvents used for this experiment are stored in a chemistry laboratory,
under ambient air). A clear trend can be observed between the water miscibility of the solvent
and the ionized character of the UV-vis spectra. Similar behavior is also observed for FATCNQ
(Figure 3.20Db).
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Figure 3.20 — UV-vis spectra of Mo(tfd-COCF3); (a) and FATCNQ (b) solutions in different solvents.
Comparison with reference spectra of neutral and ionized species.

No literature was found on changes in the state of Mo(tfd-COCF;); molecules in the presence of
H-0 or when solubilized in different organic solvents. This p-dopant was only recently synthesized
by Seth Marder’s group®, which might explain the lack in literature. However, this dopant was
referred to be unstable in polar solvents®, but no additional information was found on the
mechanism. Regarding FATCNQ molecules, Nikolka et al. also reported on the formation of
FATCNQ anions for dopant molecules exposed to ambient air, suggesting that FATCNQ molecule
also interacts with environmental species and undergoes charge transfer?. Interestingly, the
authors did not observe such interaction for TCNQ molecules. If we analyze these results in
terms of redox reactions, one could hypothesize that the EA of TCNQ is not low enough to
receive an electron from ambient species (EA of -4.8 eV compared to -5.2 eV for FATCNQ). For
example, Leeuw et al. proposed water related donor levels at approx. -4.9 eV (this value is pH-

dependent and may present additional activation energy) that could be related to the observed
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charge transfer!® (see Table 3.1). This water-related donor level may also explain the interaction
between water and Mo(tfd-COCF3); molecules (Figure 3.19)

However, there are also acid/basic reactions that may be involved in these processes. FATCNQ
radical anions (FATCNQ e ) were reported to react with strong acids forming protonated species
(such as HoFATCNQ)*. In this context, to avoid changing the chemical state of FATNCQ
anions in organic hosts, Watts et al highlighted the importance of considering their stability
against acid-base reaction with ambient gases*. However, no water interactions with neutral

FATNCQ were mentioned in these studies®®4.

In conclusion, no degradation of Mo(tfd-COCF}3); molecules was observed in the presence of water
and ambient species (dark conditions), only reversible interactions. These results support the
hypothesis of reactive dedoping, meaning that the dopant degradation observed by XPS takes
place in the presence of positively charged donor radicals (donore*). However, further

investigations with chemically reduced Mo(tfd-COCF3);are required to confirm this hypothesis.

Last, the results presented in this section highlighted that studying the stability of neutral and
ionized p-dopants in the presence of O, and H-O related species might also be important for the

stability of the p-doped state in conjugated polymers.

3.2.5 Final considerations on the dedoping process

Here, we summarize the main results presented in this section to drawn some final conclusions

on the air-stability of PBDTTT-c: Mo(tfd-COCF3)s system.

Regardless of the atmosphere, PBDTTT-c: Mo(tfd-COCF}3); samples presented unstable doping
signatures. Even under a controlled atmosphere, the conductivity is not stable over time (Figure
3.7 and Figure 3.8). Optical and electrical characterizations suggest a dedoping process since
the degradation of the p-doping characteristics is concomitant with the recovery of the properties
of pristine PBDTTT-c¢ (section 3.2.2). By performing stability studies under different
atmospheres, we highlighted the impact of ambient humidity on the dedoping rate. Thus, the p-
doping instability is associated with the presence of water-related species acting as hole traps.
These results agree with recent studies suggesting that water introduce hole traps in OSCs ™.
Besides, water-related hole traps can also explain the instability observed under a controlled

atmosphere, as water was reported to be omnipresent in polymer layers.

Regarding the dopant, Mo(tfd-COCF3); molecules presented signs of degradation after the
dedoping process under ambient conditions (Figure 3.18e, f). However, no signs of instability
are observed for pristine dopant molecules in the presence of water and ambient species (Figure
3.19).

The layer thickness presented an important impact on the dedoping rate, which was considerably
faster for thinner layers (section 3.2.2). In section 3.4.2, we propose a diffusion model to explain

these results.
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Finally, we suggest that p-doping instability of PBDTTT-c: Mo(tfd-COCF3); layers is due to

reactive dedoping processes, which happens in two steps (Figure 3.21):

1. Recovery of pristine PBDTTT-c properties: water-related species introduce hole traps
(donor levels) in the doped layers, resulting in a dedoping process

2. Degradation of Mo(tfd-COCF})s: ionized donor traps are reactive towards ionized dopant
molecules, resulting in a degradation of Mo(tfd-COCFj)s.

Reactive dedoping of PBDTTT-c:Mo(tfd-COCF;),
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Figure 3.21 — Reactive dedoping process proposed for PBDTTT-c:Mo(tfd-COCF3)s layers exposed to
water-related species. Energetic (a) and schematic (b) representation.

Hence, water-related hole traps may be an important issue for the stability of p-doped systems
under ambient conditions, and even under controlled atmosphere. However, we also highlighted
the instability of Mo(tfd-COCFs)s ions, which is also a critical aspect for the stability of the p-
doped state. In the next section, we verify the air stability of the different p-doped systems
studied in this thesis, to further investigate the impact of hole traps in the p-doping stability of

conjugated polymers.
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3.3 AIR-STABILITY OF OTHER P-DOPED SYSTEMS

In the previous section, we deeply investigated the stability of the PBDTTT-c¢:Mo(tfd-COCF3);
system under different atmospheres and proposed a reactive dedoping mechanism to explain the
p-doping instability of these layers. Our results suggested that the donor responsible for the
dedoping process is a water-related species present in ambient air. To have a broader idea on the
impact of this dedoping mechanism on the stability of p-doped systems (i.e. free holes), this section
investigates the p-doping stability of P3BHT:FATCNQ, PBTTT-c:FATCNQ and P3HT: Mo(tfd-

COCF3)s under controlled atmosphere, anhydrous air, and ambient air.

The samples were prepared as described in Table 2.8 and Table 2.9. Here, we focused on thin
(15 nm) layers, aiming to verify the stability of the selected systems in critical conditions. For
PBDTTT-c:Mo(tfd-COCF3); , thinner layers presented stronger instability signatures compared
to thicker ones (see Figure 3.10). The p-doping stability is investigated in terms of conductivity
and UV-Vis-NIR absorptions. The measurements are performed in the same conditions as for
PBDTTT-c: Mo(tfd-cOCOF3)s samples. For more details see section 3.2.1.
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Figure 3.22 - Conductivity evolution over time for inside the glovebox (argon atmosphere). Absolute (a)
and normalized (b) values. All layers are approximately 15 nm-thick. Different dopant concentrations: 5
mol% for PBDTTT:Mo(tfd-COCF3)s, 3.6 mol% for RRa-P3HT:Mo(tfd-COCF3)s, 20 mol% for PBDTTT-
c¢:FATCNQ), and 11 mol% for RRa-P3HT:FATCNQ.

Figure 3.22 presents the conductivity evolution over 15 days under a controlled atmosphere
(argon-filled glovebox) for all four p-doped systems. These graphs aim to illustrate a general
trend observed on the conductivity evolution under a controlled atmosphere. We note that these
samples were prepared and aged in different days and present different dopant concentrations.

Thus, quantitative comparisons should be performed with caution.

The main conclusion that can be drawn from Figure 3.22 is that the conductivity of p-doped
P3HT (red symbols) presented better stability compared to PBDTTT-c (blue symbols), as
highlighted in Figure 3.22b. P3HT:Mo(tdf-COCF3); presented to be particularly stable. No
conductivity decrease was observed for this system, even for samples stored over two months
under a controlled atmosphere. Regarding PBDTTT-c-doped systems, all samples measured

inside the glovebox (independent of the dopant nature, its concentration, and layer thickness)
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presented an immediate conductivity decrease. Hence, the matrix appears to have a strong

influence on the stability of the doped systems under a controlled atmosphere.
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Figure 3.23 —Current evolution of different p-doped systems under argon, anhydrous air and ambient air
(dark conditions) and stability of the UV-vis-NTR absorptions under ambient air.

The stability of P3HT:FATCNQ, PBTTT-c:FATCNQ and P3HT: Mo(tfd-COCF3)s under

ambient air and anhydrous air are presented in Figure 3.23. To allow for a quantitative
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comparison of the current evolution in different atmospheres, samples plotted in the same graph
were prepared from the same solution and aged in the same day (Figure 3.23a, ¢, e). The

evolution of UV-vis-NIR signatures under ambient air is presented in Figure 3.23b, d, f.

The first conclusion from Figure 3.23 is that all p-doped systems present unstable p-doping
signatures under ambient air. Besides, a similar trend is observed for the current evolution under
different atmospheres: the three p-doped systems presented a faster decrease under ambient air
compared to anhydrous air. Hence, we can affirm that humidity, i.e. water vapor present in air,
has a negative impact on the conductivity of all p -doped systems considered in this thesis. The
existing data do not allow a meaningful comparison of the current decrease (rate) between
different p-doped systems, as we do not know the impact of the dopant concentration on the
degradation rate, and no statistical analyses were performed. Note that for PBDTTT-c:Mo(tfd-
COCF3)s, an important variation on the dedoping rate was observed between different

experiments (see Figure 3.13 and Figure 3.14).

Regarding the UV-vis spectra, the doping induced absorptions vanish under air exposure for all
systems. If we take a closer look, for PSHT:FATCNQ (Figure 3.23b) both polaronic signatures
of P3HT and F4TCNQ anions vanish. Note that this is the only system studied in this thesis
where we can clearly distinguish the signatures of the dopant anion on the UV-Vis-NIR spectrum.
However, we do not observe a clear recovery of the m-m* absorption of pristine P3SHT. This could
be related to absorption of neutral FATCNQ molecules (peak at ca. 390 nm), if one considers a
transition from FATCNQ e to FT4ATCNQ’ Nevertheless, the bleaching of the FATCNQ anion
does not necessarily mean that the dopant becomes neutral. It could also react with ambient
species. Nevertheless, Figure 3.23b does not allow inferring on the final state of FATCNQ
molecules. For P3HT: Mo(tdf-COCF3)s, the polymer host presents clear dedoping signatures:
bleaching of polaronic absorptions and recovery of pristine m-n* absorption (Figure 3.23d). As
for PBDTTT-c: Mo(tdf-COCF3)s, it is not possible to infer on the state of the dopant molecule
as their spectra cannot be distinguished when mixed with the polymer host (see Figure 3.11).
Finally, the PBDTTT-c: FATCNQ systems also presented a decrease of the NIR doping features,

but no information on the dopant state can be extracted from this spectra either (Figure 3.23e).

In Figure 3.24 we compared the spectra of pristine polymer layers with doped layers after air
exposure. For both RRa-P3HT (Figure 3.24a) and PBDTTT-c (Figure 3.24b), no significant
difference can be observed. In other words, the optical properties for doped layers after air

exposure are very close to the pristine absorption of the polymer host.

The presence of general hole traps may be the origin of the p-doping instability observed for all
four systems. However, we should keep in mind that unstable dopant ions could also lead to a
dedoping process, to keep the charge neutrality in the system. Anyway, all p-doped systems
considered in this thesis presented unstable doping signatures under ambient conditions,

accelerated in the presence of humidity.
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Figure 3.24 — Comparison between pristine and dedoped UV-vis-NIR absorptions for RRa-P3HT (a) and

PBDTTT-c (b).

The existence of hole traps under ambient conditions could also explain the few studies in the
literature reporting on unstable p-doped layers under ambient air, for instance PBTTT:FeCl;'
and RR-P3HT:FATCNQ?. The hypothesis of water-related hole traps lying +0.3 eV above the
HOMO level of OSCs, as proposed by Zuo et al.?, might induce dedoping processes in several p-
doped systems. Further analysis are required to verify this hypothesis.

In the last section of this chapter we verify through simulations the impact of hole traps on the
stability of p-doped semiconductors. Besides, we present a diffusion model to explain the impact

of the layer thickness of the dedoping rate observed for PBDTTT-c: Mo(tfd-COCF3)s.

143



CHAPTER 3 - AIR STABILITY OF P-DOPED CONJUGATED POLYMERS

3.4 SIMULATIONS OF DEDOPING BY COMPENSATION

In this section, a model is proposed to explain the conductivity degradation observed for p-doped

polymers over time.

The model relies on the assumption that some elements contained in the atmosphere, probably
water-related species, diffuse into the semiconductor layer, and act as donor dopants (i.e. donor
traps). As demonstrated below, a significant amount of donor dopants can induce a mechanism

of compensation, i.e. dedoping of the layer, and thus degrade the conductivity.

This section is divided into two parts. First, we investigated the impact of donor traps on the
stability of p-doped semiconductors. In the second part, we develop a diffusion model to explain
the impact of the layer thickness on the dedoping rate observed in section 3.2.2. (Figure 3.10
and Figure 3.15)

3.4.1 Dedoping by compensation

In semiconductors, the electron and hole concentrations at thermal equilibrium result from a
trade-off with ionized impurities to maintain charge neutrality.
Consequently, we have :
p+N; " =N,"+n
p (resp. n) is the free hole (resp. electron) concentration, and Na (resp. Nd*) the fraction of

ionized acceptor (resp. donor) concentration. All these quantities depend on the Fermi level Ep

at equilibrium, according to :

p(Ep) = f romo (E) (1 — f(E, EF)) dE

n(Eg) = f 9rumo (E) f(E,Ep) dE

+00

Ny (Ep) = f gacceptor(E) f(E,Ep) dE

NG E) = | Gaonor (B) (1= F(5,Er)) dB

1
f(E:EF)Z E—E
1+ exp(—7 £y

where g refers to the corresponding density of state.

The modeling of the impact of doping (acceptors and donors) on the free carrier concentration n

and p consists in finding the value of the Fermi level solution of the charge neutrality equation.

In the following discussion, and in order to limit the number of unknown parameters, we will

make to following simplifying assumptions :

e The Fermi level Er lies within the gap (Boltzmann statistics).
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o Acceptor and Donor are represented by a single energy level Ex and Ep accouting for
polaron effects.
e States for electrons within the gap are neglected (although it is known that it is not

exactly the case for polymer semiconductor).

Note that a more accurate model accounting for the exact density of states would not significantly

modify the final conclusion.

In the case of p-type doping, the electron concentration remains negligible, and we have :
p=Ng
If the acceptor level of the dopant (E) is lower than the HOMO level of the polymer (or

eventually only a few meV higher), almost all the dopant are ionized at room temperature, and

the doping process is effective :
p=N, =N,

Now let’s examine the impact of additional donor levels, i.e. a hole traps, in the doping process.
Throughout this chapter, the p-doped state presented to be unstable in the presence of water-
related species. Recently, Zuo et al. have reported that water (introduced by air contamination)
can introduce hole trap levels in OSCs, located approximately 0.3 — 0.4 eV above the HOMO
level®. These values will be considered to investigate the impact of additional donor levels on the
p-doping stability. Indeed, the presence of donor species (Ng) will perturb the equilibrium of
charges in p-doped OSCs, as in the case of ionized donors (N;*) and consequently trapped holes,

the charge neutrality becomes :
p+Ng =N~

To verify the impact of additional donor levels (hole traps) in the p-doping process, i.e. in the
concentration of free holes (p) and ionized dopant molecules (N, ), the solution of this equation
is plotted in Figure 3.25 as a function of the donor concentration (more precisely the ratio
between donor and acceptors Ny/N,). Here, the acceptor level (Ex) has been arbitrary set at -
5.05 eV (representing the LUMO of the p-dopant), the HOMO of the OSCs (OSCsuono) was
fixed at - 5.1 eV and the donor level (Ep) was 0.3 eV above OSCsgowo.

Regarding the ratio of ionized donors (green curve in Figure 3.25), when Nq < N,, i.e. when the
concentration of donors is below the concentration of acceptors, all donors are ionized. The
presence of positively charged donors is in agreement with the decrease in the concentration of
free holes (p). The decrease in the ratio of ionized donors when Ny > N, can be explained by an

excess of donor molecules.

Last, the ratio of ionized acceptors (blue curve in Figure 3.25) is not affected by the presence
of additional donors at lower Ny, meaning that the positively charged donors (Ng*) balance the
negative charge of ionized dopants (N, ™). At higher Ny, we observe an increase in ionized dopants
(Ng™), suggesting that the excess of donors can also ionize dopant molecules that do not
participate in the doping process because of the saturation regime (highly doped samples). This

is in agreement with the observation of Jacobs ef al. on the dedoping process of p-doped OSCs
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with additional donor molecules (amines)"

. Note that the compensation of p-dopants by n-
dopants (donors) strongly impacts the free hole concentration in the semiconductor (p), while

the acceptor dopants remain ionized.
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Figure 3.25 — Concentration of free holes (p), ionized donors (N;*) and ionized acceptors (N,~) for a p-
doped semiconductor in the presence of additional donors. Linear (a) and log (b) scale. Parameters: Ey=-
5.05 eV, OSCnomo=5.1 €V and Ep=4.8 €V (0.3 eV above OSChouno, i.e. A¢=0.3 V) N, = 10" cm™ N, =

1020 Cm—.") .

Using the same parameters, Figure 3.26 shows the impact of donor and acceptor levels on the
Fermi level (Er) of an OSC. In the presence of an acceptor level (Ea) close to the OSCrowmo, the
resulting Er is only a few meV above OSCrouo (dotted blue line, acceptor only), characteristic of
a highly p-doped semiconductor. When only donor levels are present, the Er is identical to an
intrinsic semiconductor, i.e. in the middle of the bandgap (dotted green line, donor only). Last,
when donor and acceptor levels are present in the semiconductor (dotted red line, donor +
acceptor), the position of Er depends on the donor N;/N, ratio. For lower Ny, the Ep is
characteristic of a highly p-doped semiconductor, and for higher N;, Er moves away from the
OSChrowmo, indicating a dedoping process. Interestingly, even with excess in Ny (Ng/Ng>1), the
Fermi level does not reach the value of an intrinsic semiconductor, meaning that positively

charged donors (N;*) also influence the Er of the semiconductor.

Hence, the hole traps proposed by Zuo et al. at approximately 0.3 — 0.4 eV above the OSCsnono
can explain the dedoping process observed in this work for p-doped layers in the presence of
water-related species. The ionized donors (N;*) have shown to balance the charge of the ionized
acceptors (N, 7). Additionally, if the ionized state of the p-dopant is stable under ambient
conditions and in the presence of ionized donors, the dedoping process may occur without changes

in the state of the dopant molecule.
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Figure 3.26 — Changes in the Fermi level of a semiconductor in the presence of a donor level (Ep), an
acceptor level (Ex) and both (Ep+Ex). Other parameters are the same than in Figure 3.25.

Since we observed a strong effect of the layers thickness on the dedoping rate of PBDTTT-
c:Mo(tfd-COCFs); samples (Figure 3.10 and Figure 3.15), in the following section we verify if

this behavior can be explained by the diffusion of donor species in p-doped OSCs.

3.4.2 Diffusion model for donor species

Diffusion model
This section aims to propose a diffusion model that describes the dedoping rate as a function of

the layer thickness. The proposed model considers the diffusion of donors in homogeneous layers
(Figure 3.27).

Air ( Ny donors)

current

‘ Doped N, semiconductor | €

\4

X

Figure 3.27 — Schematic representation of the diffusion of donors present in air (Ng) in p-doped
semiconductors with the parameters used for the diffusion model.

The donor concentration is assumed to follow the time dependent diffusion equation :

aAAh__l)azAAu
at ~ 0x?

D is the diffusion coefficient (m?.s™), where
AN (x,t) = Ng(x,t) — Ngg
Nao being the equilibrium donor concentration in the doped OSCs-air interface.

The following boundary conditions are used:

147



CHAPTER 3 - AIR STABILITY OF P-DOPED CONJUGATED POLYMERS

Ny(x,t<0)=0
AN ;(x =0,t) =0
JdAN,
(x=et)=0
d0x

To find the solution, we apply the separation variable method. Therefore, we look for solutions

satisfying the diffusion equation and the corresponding boundary conditions:
ANg(x,t) = X(x) T(t)

We thus have :
XT =DTX"

14

17T X
(t) =7(x) = Cst = — w?

DT
Hence, we obtain two ordinary equations:

LT =% = st = — w2
DT —Xx—S— w

T' = —D w®T

X"+ w?X=0

The time solution T(t) is :
T(t) x exp(— w?D t)

(the constant — w? is taken negative, in order to avoid the divergence of T versus time).

The spatial solution X(x) is :
X(x) = Acos(w x) + B sin(w x)

The boundary conditions:
ANg;(x =0,t) =0

agivd (x=et)=0
lead to :
X0)=0=4
And :

X'(x) = B w cos(w x)
X'(L)=0= Bwcos(we)

In order to avoid the non physical solution B=0, the unkown constant has to take the following

discrete value
_ ( 4 1) T
Wn=\"T7)e

And the most general solution is thus :
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N . 1\ x 1\% 2
ANd(X,t)=ZOBnSII’1 (Tl+§>7'[z exp [— <n+§> ?Dt
n=

To find the B, constant, we use the boundary condition at t = 0 :

ANd(X,t = 0) = _NdO

And the fact that sin(wp,x) functions are orthogonal :

B - _N Zfe_ (+1> X Ay = —4Nyo
no doeosm ") x_n(2n+1)

Leading to :

i% sin<(n+%)ng> exp[— (n+%>27er_jp tD

Nd(x, t) = NdO (1 —
n=0
In the following, this diffusion model will be used to describe the dedoping rate over different

layer thickness, observed experimentally, by the diffusion of donor species in polymer layers.

Comparison between experimental and simulated dedoping

Here, we aim to verify if diffusion of water-related species into polymer layers can explain the
considerable differences in dedoping rates observed when varying the layer thickness of
PBDTTT-c:Mo(tfd-COCF3)s, where faster rates were observed for thinner layers (see Figure
3.10). The diffusion model developed above describes the diffusion of external donor molecules
Ny (representing water-related donor traps) in polymer layers. Further work is required to
correlate Ny with the external humidity and/or H.O concentration varied in our aging
experiments. Besides, since we have no information on the initial concentration of water-related
trap inside the polymer layers, this parameter was not considered in our model. Nevertheless, the
developed model allows investigating if a diffusion like behavior could be the origin of the slower

dedoping rates for thicker samples.

Table 3.3 — Parameters used for the simulations.

PARAMETERS VALUE
Effective density of state Nv in the HOMO band ~ Nv = 10% ¢m?
Acceptor level - 0.05 eV below HOMO level
Acceptor doping level N, = 10% ¢cm™
Donor level 0.3 eV above LUMO level

Donor doping level at the sample entrance

Ny = 2.5 10% cm3
(fitting parameter) @ o

Diffusion Coefficient

D = 5.7 102" m%'!
(fitting parameter) s

We chose to teste our model on the results obtained inside a climatic chamber (current decrease
over time) since they were performed under controlled conditions (40% RH, 25°C). Four different
layer thicknesses were fitted with our diffusion model, which present two free parameters: the
initial concentration of external donors Nz, in the polymer-air interface and the diffusion

coefficient D. The p-dopant concentration was estimated to Na ~ 10* cm™, based on the
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conductivity of PBDTTT-c:Mo(tfd-COCF3)s layers doped at 5 mol% (~1 x 10* S.cm), and
taking the hole mobility for PBDTTT-c from the literature (2 x 10* cm?V='.s™?).

For each x, knowing the Nd(x,t) donor concentration, the hole concentration is computed
according to the procedure explained earlier. As the debye length Lg is, for highly doped
semiconductor, much lower than the semiconductor thickness, the Fermi level can be defined
locally. Since we aim to fit our results presenting the current decrease over time, the conductance

G is computed by summing all layer contribution :

e

A
G=714q uf p(x)dx
0

Where A is the section, q the elementary charge, pu the hole mobility, p(x) the free hole
concentration, and e the thickness. The parameters used for the simulations are listed in Table
3.3.
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Figure 3.28 — Experimental values compared to the model. Fitting parameters: N, = 10%° cm™®, Ny = 2.5

10* em™, D = 5.7 102" m%!. The fitted thicknesses are indicated in the Figures. Nominal thicknesses were
15, 45, 120, and 180 nm.

In Figure 3.28a, we present the doping efficiency as a function of the position within the layer
using the diffusion model proposed above, for a given Nd(x,t) donor concentration. In this

example, the dedoping process takes 1.2h for the first nanometers in contact with air (red curve),
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whereas the bulk is still doped. After 6h (fuchsia curve), the diffusion of donor species and
consequently the dedoping process reaches ca. 20 nm a doped layer of 110 nm. Figure 3.28b
illustrates the diffusion of donor species within the polymer layer as a function of position and

time.

In Figure 3.28c, we compare the experimental values of relative conductance to our model. This
model fits correctly the experimental results. The fitted thicknesses extracted from the fit

(indicated in Figure 3.28c) are very close to the nominal ones (15, 45, 120, 180 nm).

In conclusion, our results of conductivity degradation after air exposure versus time of exposition

of P doped layers are consistent with the hypothesis of dedoping by donors.

The degradation kinetics follows quite well a donor diffusion model, for all the thicknesses tested
here, suggesting that donor diffusion would be the limiting mechanism for dedoping evolution
over time (and not, for instance, the time needed for donors to reach thermal equilibrium with

the polymer:dopant system, i.e. the kinetics of dedoping process).

Of course, additional experiments such as concentration-depth profiles of donors by SIMS
measurements, conductivity versus temperature, and the impact of humidity would help to

confirm the validity of our analysis.
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3.5 CONCLUSION

The stability study presented in this chapter focused on the PBDTTT-c: Mo(tfd-COCFj);
system. This choice was mainly driven by the higher conductivities obtained for this system, and
also to investigate the potential of this promising p-dopant. The stability of the doped state was
investigated under different atmospheres: argon (glovebox), anhydrous air, and ambient air.
Regardless of the atmosphere, PBDTTT-c: Mo(tfd-COCFs); samples presented a surprising
unstable doping characteristic, verified through a conductivity loss and a decrease in the doping
related NIR absorptions. Hence, optical and electrical characterizations suggested the existence
of a dedoping process, faster in the presence of humidity. Thus, p-doping instability seems linked

to the presence of water-related species.

Through XPS analysis we showed that the dedoping process does not change the chemical state
of PBDTTT-c, but clear signs of degradation are observed for Mo(tfd-COCF}3)s Interestingly, no
signs of degradation were observed when exposing pure Mo(tfd-COCF3); molecules to water and
air. Hence, we conclude that the mechanism behind the p-doping instability of PBDTTT-c:
Mo(tfd-COCF3); involves a reactive dedoping process, where water-related species introduce
donor levels in the p-doped layers that act as hole traps. The dopant degradation was therefore

associated with a reactivity of the ionized donor towards the dopant anion.

All p-doped systems considered in this thesis presented unstable doping characteristics under
ambient conditions, indicated by a conductivity loss and a decrease in the doping related NIR
absorptions. For all four systems, the dedoping process was found to be faster in the presence of

humidity.

Through simulations, following an argument given by Zuo et al., we showed that donor levels
lying at 0.3 — 0.4 eV above the HOMO of an OSC can act as hole traps and induce a dedoping
process in the presence of water-related species. The influence of the layer thickness in the
dedoping rate observed for PBDTTT-c:Mo(tfd-COCFs); can be explained by a diffusion model.

In conclusion, our results highlighted two important instability issues for p-doped conjugated
polymers exposed to air: the dedoping of p-doped polymer hosts, associated with the presence of
water-related hole traps, and the instability of ionized dopant molecules (verified for Mo(tfd-
COCF3)3). In the reactive dedoping process proposed for PBDTTT-c:Mo(tdf-COCFs3)s, the
degradation of the dopant molecule is a consequence of the compensation process (ionized donors
are reactive to ionized dopant). However, further analyses are required to clarify the impact of
each mechanism, i.e. hole trapping and instability of dopant ions, on the degradation of the p-

doped state.
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GENERAL CONCLUSIONS AND OUTLOOKS

In this thesis, we investigated the molecular doping of overall disordered polymer semiconductors
and the stability of the doped state under different atmospheres, i.e. in the presence of oxygen
and water-related species. The main motivation of this thesis was to infer the compatibility of p-
doped semiconducting polymers with the industrial development of flexible electronic devices,

where performance, stability, and scalability are essential aspects.

In terms of materials, we have chosen PBDTTT-c and RRa-P3HT as host polymers. The former
belongs to a class of donor:acceptor polymers with promising performances in organic solar cells
and photodetectors. RRa-P3HT was selected as a reference polymer. Regarding the p-dopant,
two molecules were chosen: the planar reference p-dopant, FATCNQ, and the bulky soluble
derivative of Mo(tfd)s, Mo(tfd-COCFs)s;, which presented better stability against dopant
diffusion. Thus, this thesis studied four polymer:dopant systems: PBDTTT-c: Mo(tfd-COCF})s,
RRa-P3HT: Mo(tfd-COCF3);, PBDTTT-c:FATCNQ, and RRa-P3HT:FATCNQ.

In the first chapter, we presented an extensive literature overview of the potential and
challenges of OSCs and the interest of the doping process. A special focus was given to the
fundamental differences between the commercialized doping process of inorganic semiconductor,

and the actual understanding of the doping process in OSCs.

In the second chapter, we studied the initial state of pristine materials and doped layers. To
allow for a better understanding of the changes induced by the doping process, we characterized
the optical, electrical, electrochemical, and structural properties of pristine materials. The
doping protocol was optimized with the aim of identifying critical parameters and limitations of
the studied materials, but also to achieve a controlled doping process. We compared two doping
techniques used for solution-processed conjugated polymers. In the doped state, we investigated
the evolution of the optical, electrical and structural properties upon the introduction of
molecular p-dopants, aiming to understand the doping signatures of each polymer:dopant system

before investigating their stability under different atmospheres.

No difficulties related to a solubility loss or film quality were observed when doping with the
co-processing technique. Regarding the process parameters, only the dopant concentration
presented a visible influence on the final properties of doped layers. The stirring conditions
(time and temperature) of doped solutions presented no clear impact. In other words, our results
showed that no rigorous control of the doping conditions is needed when doping disordered
polymer host with the co-processing technique, which is an advantage in terms of
industrialization. We showed that sequential processing is also a viable technique for doping
PBDTTT-c layer of different thicknesses with Mo(tfd-COCF3)s, despite the bulky nature of this
dopant molecule. For the materials used in this thesis, we conclude that both technique are

adapted and similar maximum conductivities were obtained.

Thermal annealing presented to be a critical processing step for all p-doped systems studied in
this thesis. FATCNQ and Mo(tfd-COCF3)s-doped layers presented unstable doping signatures
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after short thermal treatments above 100°C. Thermal dedoping might be the mechanism behind
the thermal instability of our p-doped layers.

The maximum conductivity (Oma) reached in this thesis was 0.3 S.cm™ for PBDTTT-c: Mo(tfd-
COCF3)s (15 mol% dopant). The O achieved with co-processed and sequentially processed
layers were very close. The UV-Vis-NIR spectra showed no complete bleaching of the neutral
polymers (m-m* absorption), indicating that there is still a considerable fraction of undoped
polymer chains and, consequently, potential for improvement. All four p-doped systems presented
a saturation of conductivity and NIR absorptions beyond a certain dopant concentration, and
even slight conductivity decreases, which were associated with an increase of molecular disorder

due to an excess of dopant.

Higher conductivities and NIR absorption were obtained when doping with Mo(tfd-COCF;);
compared to FATCNQ, in agreement with a stronger oxidizing potential measured by CV
(-5.3 eV vs. -5.1 eV). Nevertheless, our results showed that the planarity of the polymer:dopant
system is also an important parameter controlling the doping process. From optical and electrical

characterizations, we suggest that ion-pairs formation is the mechanism governing the doping of
PBDTTT-c: Mo(tfd-COCF3);, RRa-P3HT:FATCNQ, and RRa-P3HT: Mo(tfd-COCF3)s.

The stability of the p-doped state is investigated in the third chapter. First, we presented a
state-of-art overview of the presence of traps in OSCS, with a special focus on hole traps. The
stability of the doped state was verified by monitoring the optical and electrical doping signatures
under argon, anhydrous air, and ambient air. This chapter focused on PBDTTT-c:Mo(tfd-
COCF3)s, which has shown the highest conductivities. XPS analyses were performed to analyze
the chemical state of doped layers before and after air exposure. Simulations were carried out to
verify the impact of donor species on the stability of the p-doped state. Last, a diffusion model

was developed to explain the impact of the layer thickness on the stability of doped layers.

Regardless of the atmosphere, PBDTTT-c: Mo(tfd-COCF}3); samples presented unstable doping
signatures, evidenced by a conductivity decrease and a recovery of pristine UV-vis-NIR
absorption signatures (m-m* absorption). Even under a controlled atmosphere (argon), the
conductivity was not stable over time. Optical and electrical characterizations suggest the
existence of a dedoping process, accelerated in the presence of ambient humidity. The layer
thickness presented an important impact on the dedoping rate, considerably faster for thinner
layers. XPS results presented signatures of degradation of the dopant molecule, whereas the
polymer showed no evident changes in the chemical state after the dedoping process. Thus, we
suggested that the p-doping instability of PBDTTT-c:Mo(tfd-COCF3); layers is due to reactive

dedoping processes.

The stability study was extended to RRa-P3HT: Mo(tfd-COCF3); , RRa-P3HT:FATCNQ and
PBDTTT-c:FATCNQ. All p-doped systems presented unstable doping signatures under ambient
conditions, with accelerated degradation in the presence of humidity. Therefore, our experimental
results suggested that water-related hole traps are a common cause of unstable p-doping under

different atmospheres.
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Hence, two important instability issues have been highlighted for p-doped conjugated polymers
exposed to air: the dedoping of p-doped polymer hosts, associated with the presence of water-
related hole traps, and the instability of ionized dopant molecules. Further analyses are required
to clarify the impact of each mechanism, i.e. hole trapping and instability of dopant ions, on the
degradation of the p-doped sate. Nevertheless, to obtain stable p-doped layers, our results
underlined the importance of verifying not only the air stability of pristine but also ionized

polymer and p-dopants.

Simulations showed that the presence of donor (hole) traps above the HOMO level of the polymer
host can explain the dedoping process experimentally observed, where the positive charge of
ionized donor traps balance the negative charge of ionized p-dopants. The water traps recently
reported by Zuo et al. for several semiconducting polymers can explain the instability of the p-
doped state observed in this thesis. The proposed diffusion model offers a possible explanation

for the impact of the layer thickness on the dedoping rate of p-doped polymers.

Finally, the existing literature on the stability of p—doped OSCs focused mainly on dopant
molecules, where the diffusion and the thermal stability were highlighted as critical issues. Here,
we highlighted an instability related to the presence of hole traps in polymer hosts, where the
dopant itself might not directly influence the dedoping process. However, our results showed that
the stability of dopant ions might also be a critical aspect controlling the stability of the p-doped
state. These main conclusions are particularly important for the future application of p-doped
layer in organic devices. The instability of the p-doping effect in the presence of water-related
species would introduce several complications for the fabrication, such as controlling the
atmosphere during the whole process as well as ensuring the quality of the encapsulation of the

final device.

However, complementary stability studies are necessary to build a global picture of the instability
of free holes in OSCs, their origins, position, trapping mechanism, etc. The existing systematic
investigations on the presence of hole traps in pristine conjugated polymers lead to divergent
conclusions regarding their positions and the trapping mechanism. Besides, the stability of dopant
ions under working conditions is also an important aspect to ensure a stable doping effect that

should be considered when synthesizing molecular p-dopants.

Finally, only single doped layers were investigated during this study. The impact of underlined
degradation mechanisms in the performance of encapsulated devices, where doped layers are used

as hole transport layers or for thermoelectric generators, is still to be verified.
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APPENDIX A: EXPERIMENTAL SECTION

Several characterization techniques have been used when studying doped OSCs, in terms of
electrical, structural, and chemical properties. This section presents the main characterization
techniques used in this thesis: UV-vis, CV, XPS, TLM, and GIWAXS. The basic principles of
each technique are briefly recalled before presenting the characterization setup, the
instrumentation, and the data interpretation. For EPR, which was only used punctually, the

instrumentation is given at the end of this section.

UV—Vis-NIR spectroscopy
Atoms and molecules exist in several defined energy states or levels in a material. From Planck-
Einstein’s equation we know that an electron can be transferred from one energy level to another

by the absorption or emission of quantized amounts of energy, i.e. photons':

E=hy = hI Equation A.1
where h is the Planck constant and v is the frequency of the photon, which is defined by the
ratio between the speed of light in vacuum (c) and the wavelength of the photon (4). If the
incident photon has an energy equal or higher than a given electronic transition in the material,
it may be absorbed and consequently excite an electron. Ultraviolet-visible-near infrared (UV-
Vis-NIR) spectroscopy is a technique that measures the light absorption of materials in the
ultraviolet (100 nm - 400 nm), visible (400 nm - 750 nm) and near-infrared (750 nm — 2,500 nm)

range.

In this work, All UV-Vis and UV-Vis-NIR measurements were performed under ambient
atmospheres. Regarding the instrumentation, the UV-Vis measurements (from 250 to 1050 nm)
were carried out on an Agilent Cary 60 spectrophotometer. The UV-Vis-NIR (from 250 to
2500 nm) measurements were carried out on a PerkinElmer Lambda 950 spectrophotometer with

an integrating sphere.

The solution samples were measured in quartz cuvettes (175—2700 nm) with path lengths of
1 mm. The sample cuvette holder temperature was fixed at 25°C using an Agilent Peltier
temperature controller. The UV-Vis spectra of solutions are presented in absorbance vs.
wavelength, which is more convenient than transmittance since it is directly proportional to the

concentration of the solution (Beer-Lambert Law):

1
Absorbance = log— = ¢lc Equation A.2
Tranmittance

where € is the absorptivity of the material, [ is the optical path length and ¢ the concentration.
The transmittance corresponds to the ratio between the incident and the transmitted radiation.
Note that when measuring UV-Vis spectra of solutions, the reflection is kept at a minimum and

therefore overlooked.
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When measuring the UV-Vis-NIR of thin layers, the reflection is taken into account since the
latter increases significantly with the layer thickness, and this parameter is intentionally varied
in this thesis. Therefore, when characterizing thin layers, we measure the total transmission(T)
and the total reflection (R) of the samples with the help of an integrating sphere to calculate the

total absorption (A) using the following relation:

A (%) =100 —-T-R Equation A.3

The thin layers were prepared on glass substrates, inside the glovebox, as described in the
respective sections. Last, since UV-Vis-NIR spectra are recoded under ambient atmosphere, the
samples were measured directly after leaving the glovebox, limiting the air exposure to a few

minutes.

Cyclic voltammetry

Determining the HOMO and LUMO levels is an important step governing the choice of potential
polymer:dopant systems. There are mainly two techniques used to characterize experimentally
HOMO and LUMO levels of OSCs: cyclic voltammetry (CV) and a combination of photoemission
and inverse photoemission spectroscopy (PES, IPES). There is a permanent discussion on which
techniques is more suitable for determining HOMO and LUMO levels of OSCs*3. Generally
speaking, each of these technique is susceptible to experimental difficulties and can be more or

less suitable depending on the system of interest.

In this thesis, we chose the CV technique, as the measurement conditions are closer to the real
conditions (doping is performed in solution). Most importantly, all measurements are performed
under the same conditions, with the same references and using the same extraction technique to
estimate the energy levels. In other words, the obtained values are comparable. Note that the
deviation from the exact absolute values is not an issue here, since our goal is to verify their
relative positions, e.g. if the HOMO of the polymer is higher or lower than the LUMO of the
dopant.

The CV technique consists of oxidizing and reducing the materials electrochemically, not
chemically as for the doping process of OSCs. Nevertheless, both redox processes use the energy
difference between two materials as the driving force for the redox reactions. In chemical redox
reactions, molecules are used as reductant and oxidant whereas in electrochemical redox reaction
an external power source (potentiostat) is used to modulate the energy of electrons in the working
electrode. In other words, electrochemical redox processes allow increasing the driving force until
an electron transfer becomes favorable®, whereas for chemical redox processes, increasing the

driving force requires changing the molecules.
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Figure A.1 - Example of redox waves measured for Ferrocene (a) with half wave potential (i) as
extraction technique and PBDTTT-c¢ (b) with tangent extraction technique.

Figure A.1 presents examples of voltamograms with the resulting redox waves that are used to
extracted redox potentials, i.e. the potential at which oxidation or reduction processes occur. To
convert the redox potentials (V) into energy values relative to the vacuum level (eV) a reference
material is used, which presents a known redox potential in eV. In this thesis, we used
Ferrocenium/Ferrocene (Fc'/Fc), one of the redox couples recommended by the International
Union of Pure and Applied Chemistry (IUPAC) for reporting energy levels in nonaqueous
solvents®. The reversible redox waves of Ferrocenium/Ferrocene (Fc*/Fc) measured in this work
are presented in Figure A.la. For completely reversible redox waves, the redox potential can
be extracted by the half-wave technique (E;;2) that consists in extracting the halfway potential
between the anodic and cathodic peak as represented in Figure A.la* The obtained value is
then used to calibrate the voltammogram with respect to Fc*/Fc, i.e. the Eiof Fc'/Fc is set as

Zero.

Figure A.1b presents the oxidation and reduction waves of PBDTTT-c¢ with respect to Fc*/Fe.
Note that the waves are only partially reversible. In this case, the extraction of the redox
potentials is done with the tangent technique that consists in estimating the onset potential,
defined as the potential at which the injection of holes to the HOMO or electrons to the LUMO
initiates. With the onset potential, the following relations were used to calculate the electron

affinities (Ega) and ionization energies (Eig):

Era (6V) » 4.8 4+ Erwed®™(V vs Fe' /Fe). Equation A.4

Ei(eV) ~ 4.8 + Eo ™ (V vs F¢' /Fc). Equation A.5

where 4.8 eV refers to the vacuum energy level of Fct/Fe ®. As highlighted by Cardona et. al
there is, however, little consensus about the correct vacuum energy level of the Fc'/Fc redox

couple, where values varying from 4.4 to 5.4 eV can be found in the literature®.
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Regarding the characterization setup, cyclic voltammetry (CV) measurements were performed
with a three-electrode setup, consisting of a platinum electrode as the working electrode (ALS,
diameter 1 mm), a platinum wire as the counter electrode, and a non-aqueous Ag/AgNO;
electrode as pseudo-reference. PBDTTT-¢, RRa-P3HT, and F4TCNQ measurements were
performed in freshly distilled acetonitrile and Mo(tfd-COCF}3); in freshly distilled THF (better
solubility). Tetrabutylammonium hexafluorophosphate is used as supporting electrolyte
(NBuPFs, Electrochemical grade, Sigma Aldrich, 0.1 M), dried under primary vacuum at room
temperature. The dopants were analyzed in solution (2 mM) and the polymers were drop-casted
on the working electrode (from 4.7 g.L* solutions in o-Xylene) and analyzed as a film. The
voltammograms were recorded at a scan rate of 50 mV.s! and calibrated with respect to the half-

wave oxidation potential of ferrocene (Fc*/Fc).

Grazing incidence wide angle X-ray scattering

Grazing incidence wide angle X-ray scattering (GIWAXS) refers to an x-ray diffraction method,
where the incident X-ray beam makes a small angle (typically w < 1°) with the surface of the
sample. This is particularly advantageous when characterizing thin films since it limits the
penetration depth of the X-rays into the sample and, consequently, avoids and/or reduces the
contribution of the substrate. Additionally, using small angle increases the surface sensitivity
since the beam irradiates a large area of the film’s surface. By varying the incidence angle, one
can change the penetration depth of the X-rays. This is also useful for discriminating if an

observed peak originates from the substrate or from the sample.

Regarding the detection, wide-angles (26 from 3° to 60°) are commonly used, corresponding to
small distances (from approximately 3.0 A (30°) to 29 A (3°)). The penetration depth depends

on the electronic density of the material and, therefore will vary for each material.

The measurements were performed using a laboratory Rigaku Smartlab diffractometer (Cu, Aka
= 1.54184 A, 8 kV). The interplanar distances were extracted using Bragg’s law with A Cu(Ka) =
1,54184 A:

A=2dsin(©) Equation A.6

Diffractograms are represented as a function of the scattering vector (q):

Equation A.7
q=A4nsin(©)/A
where 20 is the angle between the incident beam and the detector measuring the scattered
intensity. The direction of the scattering vector defines the orientation probed, where
represents in-plane scans and ¢, out-of-plane scans (FigureA.2a). In both cases, a precise
alignment of the sample with respect to the primary and secondary optical paths has to be
performed prior to each measurement. The sample is placed parallel to the ground. In the out-
of-plane scan, the detector rotates vertically, probing the distances more or less perpendicular to
the sample’s surface, as illustrated in FigureA.2a (left). In the in-plane scan, the detector rotates

horizontally, probing the planes perpendicular to the surface (FigureA.2a, right).
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Out-of-plane In-plane Edge-on Face-on

Figure A.2 - Out-of-plane and in-plane GIWAXS measurements. Illustration of the orientations probed
depending on the scattering geometry (a) and representation of face-on and edge on orientations (b).

For organic semiconductors, GIWAXS diffractograms reveal the organization of polymer chains
in thin films. Ordered regions are characterized by the interactions between polymer chains that
result in m-stacks and side chain lamellar stacks. Depending on the orientation of the ordered
domains, two terms are currently used in the literature: “face-on” and “edge-on”. In edge-on
orientation, the conjugated backbone axis and m-stacking axis are parallel to the substrate, and
the alkyl side chains (lamellar stacking) are perpendicular to the substrate plane (Figure A.2b,
left). Contrary, in the face-on orientation, the conjugated backbone axis and alkyl-stacking axis
are parallel to the substrate, and consequently the m-stacking axis is perpendicular to the
substrate (Figure A.2b, right). Thus, if the n-m stacking characteristics distance is observed
in the out-of-plan scan and the lamellar stacking in the in-plane scan, the orientation will be
face-on. Inversely, the orientation will be edge-on. This example is for completely anisotropic

films. Isotropy (amorphous) and preferential orientation are also possible.

GIWAXS measurements are carried out under an ambient atmosphere for pristine PBDTTT-c
and under argon atmosphere (inside a graphite dome) for doped samples. All sample preparations

were carried out inside the glovebox with the conditions described in the respective sections.

The diffractograms were fitted using the HighScore software. Pseudo Voigt functions were used
to fit the peaks. Different background functions were used according to the peak region, as
illustrated in Figure A.3. For the out-of-plane peak at smaller diffraction angles (Figure A.3a),
the polynomial background consisted in a reciprocal function (1/x) with one coefficient and three
constants. The shape factor of this peak was fixed to zero. For the in-plane peak at smaller
diffraction angles and the mn-stacking peak (out-of-plane, Figure A.3b), the polynomial
background consisted in a reciprocal function (1/x) with one coefficient and one constant. The

shape factor of these peaks was fixed at 1.
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Figure A.3 — Representation of the fitting procedure for the GIWAXS peaks at lower (a) and higher
(b) diffraction angles.

These measurements were possible thanks to Dr. Stéphanie Pouget, to whom I am very grateful.

Transmission Length measurements (TLM)

Different techniques are used in the literature to measure the conductivity of OSCs. This
characteristic is a direct way of verifying the improvement in the transport properties upon
doping. The most commonly used technique is the four-point-probe. This technique consists of
passing a current through two outer probes, whilst simultaneously measuring the potential
produced across two inner probes. Thus, the sheet resistance (Rs) of the sample can be deduced
while minimizing the effects of contact resistance. The sheet resistance is a measure of the
resistance of thin films that are nominally uniform in thickness (Equation A.8). The advantage of
using the four-point probe method is that it ignores the contact resistance between the probe

and material. For more details see Van der Pauw method”.

P Equation A.8
R =- q )

Sheet d
However, when measuring thin semiconducting polymer layers (10-100nm) at low doping ratios
or pristine, the Ry is often out of the measurement range (high resistivity combined to the small

thicknesses). Hence, the four-point-probe technique is not adapted for our study.

Transmission Line or Transfer Length Measurements (TLM) was used in this work. This
technique is commonly employed to determine the contact resistance between metal and
semiconductors in electronic devices®. Nevertheless, it also allows extracting the conductivity.
Basically, this technique consists of applying a voltage between two contacts and measure the
current that flows from one contact to another through a semiconductor. The
metal/semiconductor interface should form an ohmic contact. In terms of materials and setup,
TLM has also the advantage of being a simple technique that only requires current-voltage

measurements, i.e. a source meter and probe tips.

When plotting the current as a function of the voltage (which should be a straight line), the

inverse of the slope will give us the total resistance (Rgotq;) of de measured sample (Ohm’s law).
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Riotar is a linear combination of the contact resistance of both metal/semiconductor interfaces

(Reontact) and the resistance of the semiconductor (Rgemiconductor) in-between the contacts:

Rtotal = Rsemiconductor + 2Rcontact: Equation A.9

The resistance of the metal (Rpetq;) was ignored in Equation A.9 since in most

situations Reontact > Rmetar- The semiconductor resistance is defined as:

_ L Equation A.10
Rsemiconductor - RsheetW

Where, L corresponds to the channel length and W to the contact width. Thus, R;ytq can be

written as:

L
Rtotal = RSheetW + 2Rcontact Equation A.11

Equation A.11 corresponds to a straight line equation. Hence, TLM measurements consist in
measuring the Ryorq; of different L/W ratios (by varying the length and/or width of the area
between the contact). When plotting Reorq; versus L/W a straight line should be obtained, with
the slope of the line being Rgpeer and the intercept of the line y-axis being 2R ontace (Figure
A .4a). Hence, Rgpeer as well as Repneace can be determined from this technique. Finally, the

conductivity () of the semiconductor is calculated with the following expression:

1
Rsheet d

o= Equation A.12

Note that the contacts can be adapted in this technique. To allow measuring the conductivity of

resistive and thin materials, large contact width compared to the channel length are commonly

used.
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Figure A.4 — Picture of a TLM sample with four channels with a same contact width (W) and different
channel length (L), for instance 150, 200, 500, and 1000pm (a). Representation of the extraction technique
used for TLM samples (b).
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When comparing TLM to the four-point-probe technique, instead of measuring the Rgpeer with
probes presenting an extremely small contact area, TLM measures R;,¢q Where the L/W ratio
(the contact area) can be optimized to increase the current that passes through the
semiconducting layer. Hence, TLM allows measuring the conductivity of resistive and thin
materials that cannot be measured with the four-point-probe technique. Both techniques measure

in-plane conductivities.

TLM samples were prepared on patterned flexible PEN (12 pm) /gold (30 nm) substrates,
presenting a channel width of ca. 14,500 pm and four different channel lengths, varying from 50
to 1000 pm (Figure A.4b). Gold contacts were chosen due to their WF of ca. -5 eV, to allow
ohmic contact with PBDTTT-c (HOMO -5.1 eV) and RRa-P3HT (HOMO -5.3 eV). Pristine and
doped polymer layers were prepared by spin coating inside the glovebox with the conditions given
in the respective sections. Current-voltage (I-V) measurements were performed in the dark and
inside the argon-filled glovebox with a Keithley 2400 SourceMeter. An identical setup was used

for the measurement under ambient air.

To characterize the stability of the electrical conductivity under ambient air, freshly prepared
samples were exposed to air (dark) and the I-V curve of a selected contact was automatically

collected over time. The results are plotted in current at 1V (arbitrarily chosen) versus time.

X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is one of the most established methods for determining
the elemental composition and the chemical state of solid surfaces and thin films. Therefore, it
is a powerful tool for studying degradation mechanisms®!. For this reason, we chose XPS analysis
for our stability study of doped conjugated polymers, to help to correlate chemical changes with
degradation paths. Below, the principles of this technique are briefly reviewed and the

instrumentation details are given.

XPS analysis consists in irradiating samples with X-ray photons and collecting the generated
photoelectrons, which will carry valuable information concerning the chemical environment of
the electron. Photoelectrons can be generated if the energy of the incident X-ray photon is higher
than the binding energies (Euwn) of electrons in an atom. In this case, a photoelectron is
ejected /emitted from the sample into vacuum and another electron from the outer shell will
recombine to take the lower energetic state of the ejected electron. The photoelectrons are
collected/captured by a detector and their kinetic energy is recorded. From the following basic

XPS equation, the Ebin of the photoelectron can be calculated.

Epin = hv — Eyjn — @ Equation A.13

where ®a is the spectrometer work function, Fj;, the measured kinetic energy and hv the energy

of the X-ray photons, where @a and hv are known.

A schematic representation of the fundamental processes occurring during XPS analyses is

illustrated in Figure A.5. Note that the sample is electrically connected to the spectrometer
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and properly grounded so that the sample and spectrometer Fermi levels align. Therefore, the

knowledge of the sample work function is not necessary.
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Figure A.5 - Representation of the fundamental processes occurring during XPS analyses.

Since the kinetic energy of the photoelectrons (Ey;y,) carry the elemental information of interest,
it is important to assure that photoelectrons will reach the detector unaltered. Therefore, UHV
is needed for precise analysis. Besides, it is important to have a monochromatic X-ray source, to
avoid energy variation of the incident photons (variation of hv). Note that XPS analyses are
surface sensitive, meaning that even though the X-ray penetrates several micrometers of the
sample, the measured information corresponds to photoelectrons emitted from the first few
nanometers. This is correlated to the mean free path available for electrons to leave the sample
before losing the available kinetic energy to the environment. This value is dependent on the

materials but is globally around 10 nm'!.

Assigning elements from binding energy is possible because the electron shell structure of each
element is known, and consequently the binding energy of each electron. Differences in core level
binding energies for different elements arise from the interaction of the electrons with the nucleus.
Higher atomic number results in higher attraction with the nucleus and therefore higher binding
energies. Thus, the measured binding energy corresponds to a specific electron, in a specific

orbital of a specific element.

XPS spectra present sharp peaks corresponding to specific electrons from particular levels of
particular atoms. The spectra are represented in signal versus binding energy, from the higher to
lower binding energy and the detected photoelectrons are named after the orbital that they
originate from (1s, 2s, 2p ..). Several other artifacts may be present in XPS spectra. In the
following, we briefly describe those observed in our measurements: chemical shift, spin-orbit

splitting, and satellite peaks. For more information see'.

Chemical shifts allow assigning peaks not only to elements but also to chemical bonds, as slight
shift in E,;, are observed depending on the chemical environment. Generally, atoms losing
electrons or having a smaller electrons density due to chemical interaction will shift to higher

binding energies and vice versa.

Spin-orbit splitting is an artifact observed for electrons originating from orbitals with quantum

number [ > 0, i.e. all orbitals except the s, characterized by a splitting of the photoelectron peak
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in a doublet. This is explained by the interaction of two angular momentum in a single electron:
one arising from the intrinsic electron spin and a second angular momenta arising because the
electrons orbit around the nucleus'!. The total angular momentum (j) in this case is the sum of
both vectors and is added to the notation of the XPS peak to differentiate the doublet. In this
works, spin-orbit splitting is observed for p orbitals of Sulfur, 2pi» and 2ps.», and d orbitals of
Molybdenum, 3ds» and 3ds,. doublets

Another effect that can be observed in XPS spectra are satellite peaks. These peaks with
relatively low intensity have their origin in different electron energy losses that occur during the

photoelectron generation process.

Since we are dealing with electrons, if the sample is not conductive enough it might get positively
charged. Charging effects are usually corrected by using a known reference peak to recalibrate
the spectra. As carbon is present in all our samples, the C 1s peak at 284.6 eV was used to

calibrate the spectra

Analysis of the spectral peak energies, intensities, and fine structure are used to deduce the
composition and often the chemical state of the sample surface species. By fitting the XPS
spectra, a precise understanding of the surface “chemistry” can be achieved. However, the fitting
procedure requires a good understanding of the chemical structure at the surface sample, to avoid

overseen the contribution of different chemical states during the fitting procedure.

For the instrumentations, XPS analyses were performed with a ULVAC PHI 5000 VersaProbe
IT spectrometer using AlKa X-ray radiation (1,486.6 V). The residual pressure inside the analysis
chamber was of 7 x 107¥ Pa. A fixed analyzer pass energy of 23 eV was used for core level scans,
leading to an overall energy resolution of 0.6 eV. Survey spectra were captured at pass energy of
117 eV. All spectra were referenced against an internal signal, typically by adjusting the C 1s
level peak at a binding energy of 284.6 eV. A specific four contacts sample holder manufactured
by ULVAC-PHI was used to probe the stability of thin doped layers under Ultra High Vacuum
condition. The XPS spectra were fitted using the Multipak software in which a Shirly background
is assumed and the fitting peaks of the experimental spectra are defined by a combination of
Gaussian (80%) and Lorentzian (20%) distribution. The measurements were performed on bulk
materials for pristine PBDTTT-c¢ and Mo(tfd-COCF3)3 and on TLM samples for doped layers

before and after aging.
These measurements were possible thanks to Dr. Anass Benayad, to whom I am very grateful.

EPR measurements

Electron paramagnetic resonance (EPR) spectra were recorded with a Bruker EMX spectrometer
operating at X-band frequency with an ER-4116 dual mode cavity. The measurements were done
at room temperature and obtained with the following parameters: 9.655 GHz frequency, 31.65
mW power, and 3.0 G modulation amplitude. To allow direct comparison and avoid morphology
variation due to the substrate, the EPR sample is a cutout part of TLM flexible devices inserted
in a 3 mm internal diameter quartz EPR tube. The film is deposited by spin-coating. PEN does

not give any EPR signal in the given conditions.
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APPENDIX B: CALCULATION OF DOPANT MOLAR RATIO

Here, we demonstrate the equation used to calculate the dopant concentration in mol%.
The dopant concentration indicates the number of dopant molecules n; per monomer of polymer
ny:

P

n_d Equation B.1
Np

where ng and n,, depend on the dopant and polymer weight (mg and my) and their respective

molecular weight (Mg and M,) as follows:

mg
Ng =—
Mq Equation B.2
my
ny = M_p Equation B.3

Since the doping is performed in solution, we write my and m,, as a function of the polymer and

dopant concentration (C, and Cy4) as well as their respective volumes (¥, and Vg):

myg = C4Vy Equation B.4

my, = Equation B.5

Finally, the dopant concentration in mol% was calculated with the following relation:
CqVaM,

Dopant molar ratio (mol%):
c,V,M .
p'p™d Equation B.6
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APPENDIX C: ADDITIONAL XPS DATA
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Figure C.1 — XPS spectra of pristine PBDTTT-c: Cls (a), S2p (b), Ols (c) peak region, and chemical

structure (d).
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Pristine Mo(tdf-COCFj3);

a
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Figure C.2 — XPS spectra for pristine Mo(tfd-COCF;),: Cls (a), S2p (b), Ols (c), Mo3d (d), Fls (e) peak

region, and chemical structure (f).
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Additional spectra for PBDTTT-c:Mo(tdf-COCF3)s

argon Cls

Couts/s
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Figure C.3 —XPS spectra of PBDTTT-c:Mo(tfd-COCF3)s doped layers (25 mol% dopant, 15 nm) exposed
to argon atmosphere (a, ¢, e) and ambient air (b, d, f) overnight: Cls, Fls, and Ols peak region.
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Peak fitting details

Table C.1 - XPS peak fitting information for the Mo3d peak region of bulk Mo(tfd-COCF3); and
PBDTTT-c: Mo(tfd-COCF;); doped layers (25%mol, 15 nm) before and after air exposure.

Mo (tfd-COCFs5)s

Peak region - Mo** Mot/
Mo3d (3dsp2) (3ds2) (3ds12) (3dsp2)
Position 226.7 229.1 232.3 231.3 234.4
FWHM 2.66 1.30 1.60 2.53 1.80

PBDTTT-c :Mo(tfd-COCFjs)s — 20h argon

Peak region S2s S2s Mo Mot/

Mo3d Dopant | Polymer | (34, ) | (3dy) | (3dsp) (3ds/2)

Position 226.7 228.1 229.4 232.6 | 231.0 234.1

FWHM 2.66 1.9 1.44 1.54 1.90 2.00
PBDTTT-c :Mo(tfd-COCF3);-20h air

Peak region S2s S2s Mo Mo®*

Mo3d Dopant | Polymer | (3q,) | (3dss) | (3ds.) (3ds/2)

Position 226.7 228.1 230.0 233.1 232.0 235.1

FWHM 2.66 1.80 1.30 1.40 1.66 1.76
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Table C.2 - XPS peak fitting information for the S2p peak region of bulk materials (Mo(tfd-COCF3)s,
PBDTTT-c, and for PBDTTT-c: Mo(tfd-COCF3); doped layers (25%mol. 15 nm) before and after air
exposure.

PBDTTT-c
Peak region C-S SOx
S2p (Spsp2) (Spi2) (Spsy2) (Spi2)
Position 163.7 164.9 166.3 167.4
FWHM 1.20 1.20 1.30 1.30
Mo(tfd-COCFs)s
Peak region S* (S-Mo-C) (Sn)* S* (SOy)
‘Satellite’
S2p (Sps2) | (Spi2) | (Sps) | (Spi2) | (Spsp) | (Spipe)
Position 162.3 | 163.5 164.6 | 165.8 167.3 168.5 169.5
FWHM 1.30 1.30 1.30 1.30 1.18 1.18 2.00
PBDTTT-c :Mo(tfd-COCFs)s — 20h argon

Peak region C-S Mo-S-C

‘Satellite ’
S2p (Spsy2) (Spiy2) (Spsy2) (Spiy2)
Position 163.7 164.9 162.3 163.5 168.2
FWHM 1.0 1.0 1.3 1.3 1.5

PBDTTT-c :Mo(tfd-COCF3;); — 20h air

Peak region C-S Mo-S-C

‘Satellite ’
S2p (Spsy2) (Spiy2) (Spsy2) (Spiy2)
Position 163.7 164.9 162.3 163.5 168.0
FWHM 1.0 1.0 1.3 1.3 1.5
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