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“It is sometimes a mistake to climb; it is always a mistake never even to make the attempt.
If you do not climb you will not fall. This is true. But is it that bad to fail, that hard to fall?
Sometimes you wake and, yes, sometimes you die.

But there is a third alternative.

(...) sometimes when you fall, you fly”

Fear of Falling - The Sandman, N. Gaiman
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Abstract

Organic photovoltaic (OPV) devices are one of the most promising applications of organic
semiconductors due to their compatibility with flexible plastic substrates resulting in light weight,
inexpensive and decorative products. For a long time poly(3-hexylthiophene) (P3HT) has been the
polymer of choice in organic photovoltaic devices in combination with [6,6]-phenyl-Cs:-butyric acid
methylester (PC¢;:BM) as acceptor. However, recent research has focused on polymers with improved
absorbance and processability that can ensure higher efficiencies and longer lifetimes (Low BandGap
polymers (LBGs)). This has been fully demonstrated with a power conversion efficiency (PCE) above
11%.

This thesis reports synthesis and characterization of two series of so-called “push-pull” (or
donor-acceptor) LBGs based on the donor unit 4,4'-bis(2-ethylhexyl)-5,5’-dithieno[3,2-b:2’,3'-d]silole
(DTS) and either 3,6-dithiophen-2-yl-2, 5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP) or 5,7-
di(thienyl)thieno[3,4-b]pyrazines (DTP), as acceptor unit. All m-conjugated D-A molecules and
polymers were characterized by chemical investigation and their optical, electrochemical,
morphological, and photovoltaic properties are reported. The DTS-DPP series was chosen because it is
representative of a large number of donor-acceptor LBG polymers and provided an easily accessible
and useful template to discover the importance of the type of side-chain used on the polymer
optoelectronic and thermal properties. First studies on DTS-DPP:PC¢;BM devices have been
conducted, in order to investigate any effect on their photovoltaic properties. The best device
obtained had a PCE of 1.7% with Jsc of 5.9 mA-cm™, Voc of 0.54 V and FF of 0.58. The DTS-DTP series
was chosen for the high stability of the two units and the for the ease of substitution of the side-
groups. The synthesis was partially successful and only oligomers were obtained. Nonetheless,
chemical characterization was performed but their application in OPV was not explored.

In terms of device stability, the electrical failure mechanisms in OPV devices have been
thoroughly investigated, while little is known about their mechanical stability, which is as important
and critical to ensure long term reliability. The characteristic thin film stresses of each layer present in
organic solar cells, in combination with other possible fabrication, handling and operational stresses,
provide the mechanical driving force for delamination of weak interfaces or even their de-cohesion,

leading to a loss of device integrity and performance.
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In the second part of this thesis, a technique to probe weak layers or interfaces in inverted
polymer:fullerene solar cells is presented. It was developed by establishing a new set-up for the pull-
off test, which ensure an improved control on the test parameters. The technique was developed
using inverted device, with the structure glass/ITO/ZnO/P3HT:PCs;:BM/PEDOT:PSS/Ag. The
delaminated devices showed that the weakest point was localized at the active layer/hole
transporting layer interface, in good agreement with the literature. The technique was extended
varying both sensitive layers, using different p-type low bandgap (co)polymers for the active layer
(PSBTBT and PDTSTzTz) in combination with two different PEDOT:PSS formulations, the water based
Clevios™ HTL Solar and a new organic solvent based HTL Solar 2. The half-devices produced upon
destructive testing have been characterized by contact angle measurement, AFM and XPS to locate
the fracture point. A difference in the stress at break for devices made with different combinations of
active and hole transporting layers is visible, suggesting different fracture paths, as confirmed by
surface characterization and could be correlated to the different behavior of the active layer with the
two PEDOT:PSS formulations. A second solution adopted, it had been the introduction of amphiphilic
block-copolymer interlayer in order to enhance the compatibility of the two layers. This strategy was
not successful and the new architecture showed reduced adhesion strength. Further development of

device processing could make this new architecture a viable alternative.
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Résumé

La production d’énergie avec des cellules photovoltaiques organiques (OPV) est une des
applications les plus prometteuses des semi-conducteurs organiques, en raison de leur compatibilité
avec les substrats flexibles en plastique permettant des produits légers, peu chers et décoratifs.
Pendant longtemps, le poly(3-hexylthiophéne) (P3HT) a été le polymeére de choix dans 'OPV combine
au le [6,6]-phényl-Cgi-butanoate de méthyle (PCs:BM) comme accepteur. Toutefois, des recherches
récentes ont porté sur des polyméres avec de meilleures absorption et processabilité, qui peuvent
assurer des rendements et des durées de vie plus élevés (polymeéres a faible bande interdite (LBG)).
Des rendements de conversion en puissance (PCE) au-dessus de 11% ont récemment été démontrés.

Cette theése rapporte sur la synthése et la caractérisation de deux séries de polymeres dits a
faible bande interdite, LBGs "push-pull" (ou donneur-accepteur), constitués de I'unité donneuse 4,4-
bis(2-ethylhexyl)-5,5'-dithieno(3,2-b:2',3'-d]silole (DTS) combinée au 3,6-dithiophén-2-yl-2,5-dihydro-
pyrrolo[3,4-c]pyrrole-1,4-dione (DPP) ou au 5,7-di(thiényl)thiéno[3,4-b]pyrazines (DTP), comme unité
acceptrice. Toutes les molécules et les polymeéres 1 -conjugués ont été caractérisés chimiqguement et
leur propriétés optiques, électrochimiques, morphologiques et photovoltaiques ont été determinées.
La série DTS-DPP a été choisie parce qu'elle est représentative d'un grand nombre de polymeres
donneur-accepteur LBG et a fourni un modele facilement accessible pour évaluer I'importance de la
chaine latérale utilisée sur les propriétés optoélectroniques et thermiques des polymeres. Les
premiéres études sur les dispositifs a base de DTS-DPP:PCs:BM ont été menées, pour déterminer les
propriétés photovoltaiques. Le meilleur dispositif permet d’obtenir un PCE de 1,7% avec Jsc de 5,9 mA
cm™?, Voc de 0,54 V et FF de 0,58. La série DTS-DTP a été choisie pour la stabilité chimique élevée des
deux unités et pour la facilité de substitution des groupes latéraux. La polymérisation a partiellement
abouti, en donnant seulement des oligomeéres. La caractérisation chimique a pu étre effectuée, mais
leur application dans I’OPV n'a pas été explorée.

En termes de stabilité des dispositifs, les mécanismes de défaillance électrique de dispositifs
de OPV ont été étudiés, montrant une méconnaissance de leur stabilité mécanique, alors que c’est
important et méme essentiel pour assurer une fiabilité a long terme. Les contraintes caractéristiques
de chaque couche mince présentes dans les cellules solaires organiques, en combinaison avec

d'autres contraintes possibles liées a la fabrication, a la manipulation et au fonctionnement,

XiX



constituent la force motrice a l'origine de la délamination des interfaces faibles ou méme leur
decohésion, causant une perte de l'intégrité et des performances du dispositif.

Dans la deuxieme partie de cette thése, une technique pour sonder les couches ou les
interfaces fragiles dans les cellules solaires polymere:fullerene en géométrie inverse est présentée.
Elle a été développée par I'établissement d'un nouveau set-up pour le test pull-off, qui assure un
meilleur controle sur les parametres du test. La technique a été développée en utilisant un dispositif a
géométrie inverse, de structure verre/ITO/ZnO/P3HT:PCs;BM/PEDOT:PSS/Ag. Les dispositifs
délaminés ont montré que le point le plus faible est localisé a l'interface couche active/couche de
transport de trous, en bon accord avec la littérature. La technique a été étendue en variant les deux
couches sensibles, en utilisant differents polymeéres de type p a faible bande interdite pour la couche
active (PSBTBT et PDTSTzTz) en combinaison avec deux formulations de PEDOT:PSS, Clevios™ HTL
Solar a base d'eau et un nouveau HTL Solar 2 a base de solvant organique. Les demi-dispositifs
obtenus aprés ce test destructif ont été caractérisés par mesure d'angle de contact, AFM et XPS pour
localiser le point de rupture. Une différence entre la contrainte a la rupture des dispositifs avec
différentes combinaisons de couches actives et de transport de trous est visible, suggérant différents
chemins de fracture, tel que confirmé par la caractérisation de surface et qui pourrait étre corrélée
avec la différence de comportement de la couche active avec les deux formulations de PEDOT:PSS.
Une autre voie adoptée, a été d’introduire une couche d’interface de copolymére a blocs amphiphile
afin d'améliorer la compatibilité des deux couches. Cette stratégie n'a pas abouti et la nouvelle
architecture présente une force d'adhésion réduite. La poursuite de I'amélioration des procédés de

fabrication de ces dispositifs pourrait faire de cette nouvelle architecture, une alternative viable.
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1 Motivation and Background

1 Motivation and Background

“Because past environmental destruction was
the result of ignorance we can easily forgive it. Today,
we are better informed. Therefore, it’s essential that
we make an ethical examination of what we have
inherited, what we are responsible for, and what we
will pass on to coming generations. Ours is clearly a
pivotal generation. We have global communication
and yet confrontation is more common than dialogue.”

Tenzin Gyatso, XIV Dalai-Lama

1.1 Introduction

The projections of world population growth prepared by the United Nations (UN) estimate an
increase in global population from the actual 7 billion to 9.5 billion by 2050 (Figure 1.1). Today, only
1.5 billion people have access to the amount of energy which allows comfortable living conditions (> 2
kWh). The increasing population and the rapid industrialisation of countries around the world have
led to projections of an increase in global energy demands of between 35-55 % in the next 30 years

[1]. This increase in demand will require an increase in energy production capacity.

Historic and projected population by world region
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Figure 1.1 UN world population prospects: The 2012 revision provided by United Nations Department of Economic and
Social Affairs (UN DESA) (Reproduced from EEA).

Electricity consumption can be considered as one of the most important factors that impacts

the prosperity of any society, visible through both economic indices (such as GDP per capita, Figure
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1.2-a) and social development indices (such as HDI', Figure 1.2-b) [2]. Increasing electricity
consumption per capita can directly stimulate faster economic growth that indirectly promotes social
development. The aforementioned value of 2 kWh can be considered the threshold for moving from a
low to medium HDI economy transition (Figure 1.2-b). When this minimal amount of electricity is used
for pumping water, providing light, and refrigerating food and medicines, a community can

significantly improve its living conditions.

Energy use in tonnes of oil equivalent per capita
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Figure 1.2 a) The relation between mean income (GDP per capita) and energy consumption (per capita demand in kWh) in 2011 for

various country groups. The primary energy consumption of a country is shown —i.e. its industry and transport are also included -

divided by the number of inhabitants. (b) Per capita energy consumption and Human Development Index for 1991/1992, based on
data for 100 countries. Source a) EEA b) ourenergypolice.org.

Electricity plays a key role in both economic and social development and obtaining the
appropriate amount of energy to support the growing population and the industrial development, in a

clean as possible way is one of the toughest challenges our generation has to face.

1.1.1 Current situation and the role of renewable sources

Currently approximately 80% of the world’s energy is generated by the combustion of fossil
fuels (Figure 1.3-a). However, conventional fossil fuels are a finite resource. Known world reserves of
oil and gas are expected to become depleted in less than 65 years, and coal in just over 100 years at

2012 consumption levels [1].

! HDI is the Human Development Index is a summary composite index used to measure a country's average
achievements in three basic aspects of human development: longevity, knowledge, and a decent standard of living.
(Source UNDP)
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Figure 1.3 a) Gross inland energy consumption by source in EU-28 in 2012 and b) renewable energy share. EEA).

The main disadvantage in the use of fossil fuels is the emission of carbon dioxide as a by-
product of the combustion process and its effect on the environment. The scientific community
agrees that the concentration of CO, (and other so-called greenhouse gases) in the atmosphere is one
of the main players in the anthropogenic climate change, together with the ozone depletion in the
atmosphere. Global warming is closely associated with other climate changes and impacts, including
rising sea levels, increases in intense rainfall events, decreases in snow cover and sea ice, more
frequent and intense heat waves, increases in wildfires, longer growing seasons, and ocean
acidification. Individually and collectively, these changes pose risks for a wide range of human and
environmental systems [3]. The resulting loss of land, will reduce food production and force migration
of a large part of the world population [4]. Therefore, the limitation of the severity of climate change
effects should be considered a global priority. An effective long-term strategy should include both the
reduction of all the anthropogenic contributions to climate change and the development of strategies
for alleviating its effects. Hopefully, the Kyoto protocol will be successful in reducing CO,
concentrations, as it has already been done with atmospheric CFC concentrations with the Montreal
protocol [5].

In the 2050 Roadmap [6], the European Commission concretely assess the problem of how to
reduce fossil fuel usage while maintaining the actual standards of living. The EU considers the
expansion of the renewable energy sector as the most viable and important way to solve this
problem. Besides the well-known environmental benefits, there is the secondary (or primary) effect
that an expansion of the EU’s renewable energy sector would have on its geostrategic position.
Decreasing the dependence of EU from the international market of fossil fuels, will help to increase
EU’s position as a key global power. In fact, as the non-renewable giants of the world tend to have

authoritarian governments and weak institutions [7], the EU could improve its ability to maintain a
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united and tough stance against such countries, also by weakening the financial benefits they

experience.

[ Reliable/uninterruptible supply

[Accessible/available supply L ENERGY SECURITY ] —) { Political Global Power

Affordable/competitive supply

Figure 1.4 Energy security represents a viable way to improve international influence.

Energy security represents the need of an uninterrupted availability of energy sources at an
affordable price (source IEA) [8]. It has both a long- and short-term dimensions. The first deals with
investments oriented to support economic developments and sustainable environmental needs, the
second focuses on the ability of the energy system to react changes in the supply-demand balance.
Lack of energy security has negative economic and social impacts related to energy distribution or

elevated and volatile prices.

1.1.2 Alternative energy and the contribution of renewable sources

Abundant and cheap electricity without high CO, emissions could come from the use of
nuclear fission. Today, the nuclear heat production in the EU-28 accounts for 13% (Figure 1.3-a).
Nuclear electricity production increased by 11% between 1990 and 2012, however, since 2005, an
average decrease of 1.7%/year have been registered (Figure 1.5-a). This is mainly due to the
unpopularity of nuclear energy in the public opinion, mainly related to the, real or perceived, dangers
related to the disposal of nuclear waste and even more to disasters such as Chernobyl and Fukushima.
This situation does not allow the government to invest in the long term, as would be necessary to

assure fuel provisions and power-plant constructions in such amounts as to wholly replace fossil fuels.
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Figure 1.5 a) Average growth rates in energy consumption for different fuels and d) detailed renewable rates in EU-28 (Reproduced
from a) EEA and b) EEA).

Alternative sources of energy to both nuclear and fossil fuel have existed for a long time and
they are usually grouped under the term renewable energies. A renewable energy source is one that
can be considered to be naturally regenerated on a reasonable timescale such that it will never be
exhausted. Moreover, in order to promote the diffusion of a renewable energy source or technology,
the energy generated from that source must have a price competitive with fossil fuel. Until now, the
most utilised renewable sources of energy are biomass and waste, which together account for almost
60% of European renewable energy supply (Figure 1.3-b) Unfortunately, its continued expansion is
not feasible due to the limited supply of bio-sourced materials. Currently the alternative competitive
technologies and sources are onshore wind farms, hydroelectric facilities, and geothermal
phenomena. Sadly, the geological features necessary for construction of the appropriate power plants
are not common enough to replace fossil fuel. Wind power has shown some promise and
construction is being undertaken all over the world and most extensively in Europe, North America
and Asia. In Europe, wind energy production increased of 29%/year between 1990 and 2012 (Figure
1.5-b). However, the prospect of covering the landscape with wind farms to cover the increasing
demand is not viable. Offshore wind farms have the advantage of reducing the impact on both land
and landscape, but the cost of building the infrastructure make it uncompetitive. However, the costs
of these technologies is predicted to come down in the future (Figure 1.6), and it is possible that they

will play a key role in assuring the energy security.
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Figure 1.6 Price for kWh generated from different renewable sources in 2012 and a projection in 2020 [9].

Another option that deserves consideration is the use of solar energy. In the last 25 years,
solar energy production grew at a rate of 48%/year and since 2005 even faster (70%/year) (Figure 1.5-
b). This has been possible thanks to government policies, since the costs related to the actual
technology (concentrated solar power CSP and photovoltaic PV) are too high and not really
competitive (Figure 1.6). However, according to the IEA, solar energy potential has the greater

potential (and it is abundant enough) to cover alone several times the future global energy demand.

1.1.3 Photovoltaics and Organic Photovoltaics

The earth receives more solar energy in 1 hour than is required for all human needs in a year
[10]. Given the ease with which solar panels can be installed, solar energy is the most marketable and
accessible energy form [10]. There is considerable interest in PV and capacity is increasing annually
(Figure 1.5-b). However, the observed growth of the PV industry has been heavily supported by
government incentives worldwide. This had been necessary due to the high cost of the generated
energy, which is in part related to the costs associated with the fabrication of the most common
silicon or cadmium telluride (CdTe) solar modules. Many improvements in the fabrication processes
over the years have made available cheaper solar cells and subsequently reduced the cost of

electricity. Unfortunately, the costs of 1 kWh is not competitive with fossil fuel yet (Figure 1.6).
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The overall aim of all PV research is to achieve low cost and highly efficient modules that are
commercially attractive. Organic photovoltaics (OPV) is an attractive alternative to Si technology,
since it offers intrinsic flexibility, low cost, a low thermal budget, solution processing, and very fast
methods for fabrication. The main advantage over inorganic PV is the reduced fabrication costs. On
the other hand, organic photovoltaics have exhibited lower stabilities and efficiencies. Crystalline
silicon modules have efficiencies of around 20% and over 25 years lifetime, while OPV are still far

from these values.

Figure 1.7 The so-called Brabec's triangle (Efficiency, Stability, Costs) and a unique advantage for OPV: design freedom.

Even if OPV is inferior to silicon photovoltaic technology, it is still worth developing this
technology due to its low production costs, fast processing and environmental benefits. Moreover,
secondary advantages, such as flexibility, light weight, design freedom open the way to niche market
in which inorganic has not application and OPV can make the difference (Figure 1.7). A large research
effort, from both academia and industry, needs to be done with respect to stability and power-
conversion efficiency. A lot of work has already been done and, on a laboratory scale, solar cells with
a power conversion efficiencies over 10% have already been achieved [11], while, in terms of stability,
more research efforts are still required. The current challenge is the production of a low-cost organic

photovoltaic modules on an industrial scale, with good stability (10-15 years) and efficiency (10-15%).

1.1.4 The ESTABLIS Project

The project, ‘Ensuring stability in organic solar cells’ (FP7, ESTABLIS) is an interdisciplinary and
inter-sectorial research and training network, based on the complementary expertise of leading
industrial and university groups. Specifically, four Experienced Researchers (ERs) and eleven Early

Stage Researcher (ESRs) have been trained in areas from synthetic organic chemistry through
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complementary aspects of polymer science to complete industrial scale photovoltaic device
manufacture, and the interdisciplinary training was an important goal. The objective of this project
was to develop materials and techniques required to give cheap organic solar cells (OSCs) with 10
years stability. OSCs are at the crossroads of the forefront chemical and physical sciences and
ESTABLIS applied tested routes to develop new polymers and OSC architectures, and known
characterization techniques in innovative ways.

Two different approaches have been used to improve long-term device stability. The first was
the introduction of new materials, the improvement of technological processes and extensive aging
studies. The second approach was adopted in order to clarify the correlations between material
optoelectronic properties and charge transfer mechanisms, their photochemistry and stability.

The scientific objectives, in order to achieve the project goal, can be pooled in four groups: (i)
producing materials with increased stabilities; (ii) clarifying photo(chemical) and mechanical
degradation pathways; (iii) processing OSCs with reduced inter-layer contaminations and increased
interfacial adhesion and (iv) modelling interrelated OSC photochemical ageing and optoelectronic
properties. Researchers were consequently divided in four working groups (Figure 1.8) with specific

task and wide multi-disciplinary competences.

WPI Synthesis

Task 1.1 Task 1.2 Task 1.3 Task 1.4 Task 1.5 Task 1.6
BHIJ-layer | BHJ-layer | PEDOT- | Interfacial | Barrier Phylﬂcul
p-Type n-Type based Layers Coating | Chemical
Polymers | Polymers Layers Curcterisaon
WP4 Modelling WP2  Material Stabilities
Task 4.1 Task 4.2 Task 4.3 Task 4.4 Task 2.1 Task 2.2 Task 2.3
Chemical |Intermolecular | Interfacial Device Organic-material [ Nanomorphology | Encapsulation
Degradation | Modelling | Modelling | Modelling Photodegradation | ~ Stabilisation Material
Mechanisms Stabilities

WP3 OSC Stability and

Performance
Task 3.1 Task 3.2 Task 3.3
0sc 0SsC Relating OSC
Manufacture Ageing Performances
Protocols and Degradation

Figure 1.8 Establis work packages and relative tasks.

The different partners (P) and associated partners (AP) with the corresponding ERs and ESRs of
the ESTABLIS project are reported in Table 1.1.
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Table 1.1 Establis partners and involved fellows.

Hugo Santos Silva (ESR1)
P1 Université de PAU et des pays de I'Adour

Alberto Gregori (ESR2)

Belectric OPV GmbH Dr. Simon A. Dowland (ER1)
P2 (formerly Konarka Technologies GmbH) Dr. Dargie Deribew (ER2)
P3 Vilniaus Universitetas Meera Stephen (ESR3)
P4 Merck Chemicals Ltd Dr. Grahgam Morse (ER3)

P5 | Instituto Madrileno de Estudios Avanzados | Safakath Karuthedath (ESR4)

P6 Heraeus Precious Metals GmbH & Co KG Dr. Stefan Schumann (ER4)
P7 Johannes Kepler Universitat Linz Olena Kozlova (ESR5)
Joanna Kolomanska (ESR6)
P8 Aston University
Anna Isakova (ESR7)
Institut de Chimie de Clermont-Ferrand Isabel Fraga Dominguez (ESR8)
P2 (Centre National de Recherche Scientifique) Evgeniia Topolniak (ESR9)
P10 Eberhard-Karls-Universitat Tibingen Aurélien Tournebize (ESR10)
P11 Medzinarodne Laserove Centrum Mamadou Abass Seck (ESR11)
AP1 Evonik Degussa GmbH
AP2 Siemens Corporate Technology
AP3 AMCOR

1.1.5 Aim of the work

The aim of this thesis project was to synthesize new low-band gap (LBG) (co-)polymers to
apply in OPV devices with improved stabilities. The synthesis and characterization of 5 new LBG
polymers based on dithienosilole and diketopyrrolopyrrole or dithienyl-thienopyrazine are described,
as well as their photovoltaic responses in OPV devices.

The mechanical stability of devices is fundamental for long term application and investigation
in this cutting-edge research field started only recently. A new experimental set-up was developed in
order to investigate adhesive strength in OPV devices and is presented, together with two possible
routes to improve the adhesion at the weakest interface, either by the use of new materials and/or

new architectures.
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The work presented in the following chapters has been done in collaboration with some of the
other ERs and ESRs, in the spirit of collaboration of the project. The design and synthesis of the two
series of low bandgap polymers (LBGs) was done by myself at the University of Pau, with the advice of
Dr. Graham Morse at Merck Chemicals Ltd, who also performed part of the chemical characterization.
Dr. Simon A. Dowland, Dr. Mirella El Gemayel and Dr. Dargie Deribew trained me in device fabrication
during my secondment at Belectric OPV GmbH and we worked together on the fabrication and
characterization of devices integrating the LBGs synthesized at the Université de Pau. Safakath
Karutedath at IMDEA Nanociencia was involved in the characterization of the charge carrier behaviour
in the polymer:PCs;BM blend, by Transient Absorption Spectroscopy (TAS). Isabel Fraga Dominguez
investigated the stability of one series of polymer (PSBDPP) alone and in blend with PCBM, under
photo- and thermo-oxidative condition. With the aim of relating the degradation rate to their
physicochemical properties, she characterized the content in paramagnetic species by Electronic
Paramagnetic Resonance (EPR), the crystallinity of thin films by X-Ray Diffraction (XRD) and the
thermal properties by Rapid Heat-Cool Calorimetry (RHC) of this polymer series.

Dr. Stefan Schumann was involved in the set-up development during his secondment in Pau
and then we collaborated by testing the adhesive properties of inverted devices integrating different
PEDOT:PSS formulations from our partner Heraeus Deutschland GmbH & Co. KG, aiming to an
improvement of the adhesive strength of the weak active layer/PEDOT:PSS interface. The second
strategy to improve adhesive strength has been the introduction of a block-copolymer interlayer at
the aformentioned interface. These block copolymers were designed and synthetized by Joanna
Kolomanska at Aston University. | also participated to the synthesis of these block copolymers during
my secondment at Aston University. Aurélien Tournebize at Tubingen University was also involved in
the characterization of the fracture surfaces by XPS and AFM, in order to gain a better understanding
about the effect of the new materials in the layer stack.

All the presented results, arise from discussion with my supervisors (Dr. Christine Dagron-
Lartigau, Prof. Ahmed Allal, Dr. Roger C. Hiorns and Dr. Andreas Distler) as well as with the other
researcher involved (Dr. Stefan Schumann, Aurélien Tournebize, Dr. Simon A. Dowland, Dr. Dargie
Deribew, Dr. Graham Morse, Isabel Fraga Dominguez, Joanna Kolomanska, Safakath Karuthedath and
Dr. Mirella El Gemayel from POCAONTAS Project). Specific acknowledgements are given when their

produced data is presented as part of the discussion.
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This thesis is structured as follows: after this first chapter which presents the actual socio-
economical, environmental and political background which contextualize the scientific work, the
manuscript proceeds with an introduction of the basic concepts and the evolution of OPV, presenting
the principles of molecular design, polymer synthesis, thin film formation and device architecture,
which led to the actual state of the art. In Chapters 3 and 4, the results in terms of synthesis, chemical
characterization and device performance of the new push-pull LBGs based on dithienosilole (donor
unit) and diketopyrrolopyrrole or dithienylthienopyrazine (acceptor unit) are presented. Chapter 5
describes the development of an experimental set-up to characterize adhesive strengths of thin films
in real device applications. The technique has then been extended to new materials and architecture

developed inside the ESTABLIS project.
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1 Motivation et contexte

"Parce que la destruction environnementale passé était le résultat

de l'ignorance, nous pouvons facilement pardonner. Aujourd'hui,

nous sommes mieux informés. Par conséquent, il est essentiel que

nous fassions un examen éthique de ce que nous avons hérité,

ce que nous sommes responsables, et ce que nous allons transmettre

aux générations a venir. La nétre est clairement une génération charniere.
Nous avons la communication globale et pourtant confrontation est plus
commun que le dialogue ".

Tenzin Gyatso, XIV Dalai Lama

1.1 Introduction

Les projections de la croissance de la population mondiale préparées par les Nations Unies
(ONU) estiment une augmentation de la population mondiale de 7 a 9,5 milliards en 2050 (Figure 1.1).
Aujourd'hui, seulement 1,5 milliard de personnes ont acces a la quantité d'énergie qui permet des
conditions de vie confortables (> 2 kWh). La population croissante et l'industrialisation rapide des
pays a travers le monde ont conduit a des projections d'une augmentation de la demande mondiale
d'énergie comprises entre 35-55% dans les 30 prochaines années [1]. Pour répondre a cette

augmentation de la demande, il faudra une augmentation de la capacité de production d'énergie.

Historic and projected population by world region
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Figure 1.1 Previsions ONU de la population mondiale: La révision 2012 fournis par le ministére des Nations Unies des
affaires économiques et sociales (DAES) (Reproduit de I'EEE).
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La consommation d'électricité peut étre considérée comme l|'un des facteurs les plus
importants pour garantir la prospérité d’une société, visibles a travers deux indices économiques (tels
que le PIB par habitant, Figure 1.2-a) et des indices de développement social (tels que I'IDH, Figure
1.2-b ) [2]. L'augmentation de la consommation d'électricité par habitant peut directement stimuler
une croissance économique plus rapide, qui favorise indirectement le développement social. La valeur
précitée de 2 kWh peut étre considérée comme le seuil de transition pour passer d'une économie a
IDH basse a une moyenne (Figure 1.2-b). Lorsque cette quantité minimale d'électricité est utilisée
pour le pompage de l'eau, la fourniture de lumiére ou la réfrigération de nourriture et de

médicaments, une communauté peut améliorer considérablement ses conditions de vie.

Energy use in tonnes of oil equivalent per capita
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Figure 1.2 a) La relation entre le revenu moyen (GDP par habitant) et la consommation d'énergie (demande par habitant en kWh) en
2011 pour divers groupes de pays. La consommation d'énergie primaire d'un pays est représenté divisés par le nombre d'habitants.
(b) consommation d'énergie par habitant et indice du développement humain pour 1991/1992, sur la base des données de 100 pays.
Source a) EEA b) ourenergypolice.org.

L'électricité joue un réle clé dans le développement économique et social. L'obtention de la
guantité appropriée d'énergie propre pour soutenir la croissance de la population et le

développement industriel est I'un des défis les plus difficiles auxquels notre génération doit faire face.

1.1.1 Situation actuelle et role des sources d'énergie renouvelables

Actuellement, environ 80% de [|'énergie mondiale est produite par combustion de
combustibles fossiles (Figure 1.3-a). Toutefois, ces combustibles sont une ressource finie. Les réserves
mondiales connues de pétrole et de gaz s’épuiseront dans en moins de 65 ans, et celles du charbon en

un peu plus de 100 ans si les niveaux du consummation restent ceux du 2012 [1].
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Energy by source 2012 — Gross inland energy Renewable energy by source 2012 — Gross inland
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Figure 1.3 a) consomation intérieure brute d'énergie par source dans I'UE-28 en 2012 et b) la partie relative auxénergies
renouvelables (EEA).

Le principal inconvénient de |'utilisation des combustibles fossiles est I'émission de dioxyde de
carbone, comme sous-produit du processus de combustion, qui a un effet négatif sur
I'environnement. La communauté scientifique reconnait que la concentration de CO; (et autres gaz a
effet de serre) dans I'atmosphére est I'un des principaux acteurs dans le changement climatique
anthropique, avec lI'appauvrissement de 'ozone dans I'atmosphére. Le réchauffement climatique est
étroitement associé a d'autres changements et a leurs conséquences, comme la hausse du niveau des
mers, I'augmentation des épisodes de précipitations intenses, la diminution de la couverture neigeuse
et de la calotte glaciaire, plus fréquentes et les vagues de chaleur intenses, I'augmentation des feux
de forét, les saisons de croissance plus importantes, et I'acidification des océans. Individuellement et
collectivement, ces changements posent probléme pour les humains et I'environnement [3]. Ainsi, la
perte de terres qui en résultera, entrainera une réduction de la production alimentaire et forcera la
migration d'une grande partie de la population du monde [4]. Par conséquent, le rechauffement
climatique devrait étre une priorité mondiale. Une stratégie efficace a long terme devrait inclure a la
fois la réduction de toutes les contributions anthropiques aux changements climatiques et le
développement de stratégies pour atténuer ses effets. Espérons que le protocole de Kyoto sera
couronné de succées dans la réduction des concentrations de CO,, comme cela a déja été fait avec des
concentrations de CFC dans I'atmosphére avec le protocole de Montréal [5].

Dans sa feuille de route 2050 [6], la Commission européenne pose concretement le probléeme
du comment réduire |'utilisation de combustibles fossiles, tout en maintenant le niveau de vie actuel.
L'UE considere que I'expansion du secteur des énergies renouvelables est le moyen viable important
pour résoudre ce probleme. En plus des avantages environnementaux bien connus, il offres un effet

secondaire géostratégique, la diminution de dépendance aux combustibles fossils; celui permettra
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d'accroitre la position de I'UE en tant que puissance mondiale. En fait, comme les grandes puissances
du monde ont tendance a avoir des gouvernements autoritaires et des institutions faibles [7], I'UE

unie pourrait renforcer sa position vis-a-vis pays, en affaiblissant leur ressources financiers.

[ Reliable/uninterruptible supply

[Accessible/available supply | ENERGY SECURITY ] —) { Political Global Power

Affordable/competitive supply

Figure 1.4 La sécurité énergétique représente un moyen viable pour améliorer l'influence internationale.

La sécurité énergétique impose la nécessité de disposer des sources d'énergie permanent et a
un prix abordable (source AIE) [8]. Elle a a la fois une dimension a court et a long terme. La premiere
porte sur les investissements orientés pour soutenir les développements économiques et les besoins
environnementaux durables, la deuxiéme se focalise sur la capacité du systéeme énergétique a
s’adapter aux changements de I'offre et de la demande. Le manque de sécurité énergétique a des
conséquences socio-économiques négatives liées a la distribution d'énergie ou a des prix élevés et

volatils.

1.1.2 Energies alternatives et contribution des sources renouvelables

Electricité abondante et pas chére sans forte émission de CO, pourrait provenir de I'utilisation
de la fission nucléaire. Aujourd'hui, la production de chaleur nucléaire dans I'UE s’éléve a 13% (Figure
1.3-a). La production d'électricité nucléaire a augmenté de 11% entre 1990 et 2012, cependant,
depuis 2005, une baisse moyenne de 1,7%/an a été enregistrée (Figure 1.5-a). Ceci est principalement
dd a l'impopularité de I'énergie nucléaire dans I'opinion publique, liée aux dangers, réels ou percus,
en lien avec les déchets nucléaires ou a des catastrophes comme Tchernobyl et Fukushima. Cette

situation ne permet pas aux gouvernements d'investir dans le long terme, comme dans la
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construction de centrales électriques pour remplacer en totalité les combustibles fossiles.
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Figure 1.5 a) taux de croissance moyenne de la consommation d'énergie pour les différents sources et b) taux de croissance pour les
sources renouvelables dans I'UE-28 (reproduit a partir de a) EEA et b EEA).

Les sources alternatives d'énergie capables de remplacer les combustibles nucléaires et
fossiles existent depuis longtemps et ils sont généralement regroupés sous le terme d’énergies
renouvelables. Une source d'énergie renouvelable est une énergie naturellement régénérée dans un
délai raisonnable de sorte qu'elle ne soit jamais épuisée. En outre, afin de favoriser la diffusion d'une
source d'énergie renouvelable ou de la technologie, I'énergie produite a partir de cette source doit
avoir un prix compétitif vis-a-vis de ceaux des combustibles fossiles. Jusqu'a présent, les sources
d'énergies renouvelables les plus utilisées sont les énergies produites a partir de biomasse et des
déchets, qui représentent ensemble prées de 60% de I'approvisionnement européenne en énergie
renouvelable (Figure 1.3-b). Malheureusement, son expansion continue n’est pas possible en raison
de la disponibilité limitée de combustibles bio-sourcés. Actuellement, les technologies et les sources
alternatives concurrentielles sont les parcs éoliens terrestres, les installations hydroélectriques et la
géothermie. Malheureusement, les caractéristiques géologiques nécessaires a la construction des
centrales appropriées ne sont pas assez fréquentes pour remplacer les carburants fossiles. L'énergie
éolienne a montré un certain intéret ce qui a entrainé la construction de nombreux parc éoliens
partout dans le monde et plus largement en Europe, Amérique du Nord et en Asie. En Europe, la
production d'énergie éolienne a augmenté de 29%/an entre 1990 et 2012 (Figure 1.5-b). Cependant,
la perspective défigurer les paysage avec des parcs éoliens pour couvrir la demande croissante n’est
pas raisonnable. Les parcs éoliens offshore ont |'avantage de réduire l'impact a la fois sur terre et le

paysage, mais le colt de construction de l'infrastructure les rend non compétitives. Cependant, le
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cot de ces technologiesdevrait baisser dans I'avenir (Figure 1.6) et il est possible qu'ils joueront un

role clé pour assurer la sécurité énergétique.
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Figure 1.6 Prix pour kWh produit a partir de différentes sources d'énergie renouvelables en 2012 et une projection en 2020 [9].

Une autre option qui mérite considération est |'utilisation de |'énergie solaire. Dans les 25
derniéres années, la production de |'énergie solaire a augmenté avec un taux de 48%/an et encore
plus vite depuis 2005 (70%/an) (Figure 1.5-b). Cela a été possible grace a des politiques
gouvernementales, car les colts liés a la technologie actuelle (CSP concentrée d'énergie solaire et
photovoltaique PV) sont trop élevés et pas vraiment concurrentiels (Figure 1.6). Cependant, selon
I'AIE, I'énergie solaire a le plus grand potentiel (et il est assez abondante) pour couvrir toute seule et

plusieurs fois la demande mondiale d'énergie a venir.

1.1.3 Photovoltaique et photovoltaique organique

La Terre recoit plus d'énergie solaire en 1 heure que ce qui est nécessaire pour tous les
besoins humains en un an [10]. Compte tenu de la facilité avec laquelle les panneaux solaires peuvent
étre installés, I'énergie solaire est la forme d'énergie la plus commercialisable et accessible [10]. Il y a
un intérét considérable dans le PV et sa capacité augmente chaque année (Figure 1.5-b). Toutefois, la
croissance observée de l'industrie photovoltaique, a été fortement subventionnée. Cela a été
nécessaire en raison du colt élevé de I'énergie produite, en partie liée aux colts associés a la
fabrication des modules solaires en silicium ou en tellurure de cadmium (CdTe). Beaucoup

18



1 Motivation et contexte

d'améliorations dans les processus de fabrication au cours des derniéres années ont abouti a des
cellules solaires moins cheéres, ce qui a permis de réduir le co(t de I'électricité. Malheureusement, les
colts du 1 kWh n’est pas encore compétitif relativement a celui produit avec des combustibles
fossiles (Figure 1.6).

L'objectif final de toutes les recherches sur le PV est de réaliser des modules commercialement
attrayants (co(t reduit et a haut rendement). Le photovoltaique organique (OPV) est une alternative
intéressante a la technologie silicium, car il offre une flexibilité intrinseque, un codt réduit, un budget
thermique réduit, traitement par solution, et des méthodes de fabrication trés rapides. Le principal
avantage par rapport aux PV inorganique est le co(t de fabrication réduit. Par contre, le
photovoltaique organique a une efficacité et une stabilité inférieures au silicium. En fait, les modules
de silicium cristallin ont des rendements de I'ordre de 20% et plus de 25 ans la durée de vie, tandis

gue le OPV sont encore loin de ces valeurs.

v

//
”~
//
~———" OPV

\

Figure 1.7 Le soit-disant triangle de Brabec (efficacité, stabilité, colts) et un avantage unique pour I’OPV: liberté de conception.

Méme si I'OPV a des performances inférieures a la technologie photovoltaique au silicium, il
est toujours utile de développer cette technologie en raison de ces faibles colts de production, un
traitement rapide et des avantages environnementaux. En outre, les avantages secondaires, tels que
la flexibilité, légereté, liberté de conception ouvrent la voie a des marchés de niche dans lequels le PV
inorganique n’a pas d'application et ol 'OPV peut faire la différence (Figure 1.7). Un grand effort de
recherche, dans le milieu universitaire et industriel, doit étre encore fait pour ce qui concerne
I’efficacité et la stabilité. Beaucoup de travaux ont déja été faits et, au niveau du laboratoire, des
cellules solaires avec une efficacité de plus de 10% ont déja été réalisées [11], alors que, en termes de

stabilité, des efforts de recherche sont encore nécessaires. Le défi actuel est la production de ces
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modules a I'échelle industrielle, avec une bonne stabilité (10-15 ans) et une efficacité comprise entre

10-15% et un cout reduit.

1.1.4 Le projet ESTABLIS

Le projet, ‘Ensuring stability in organic solar cells’ (FP7, Establis) est un réseau de recherche et
de formation interdisciplinaire et inter-sectorielle, basée sur |'expertise complémentaire des grands
groupes industriels et universitaires. Plus précisément, quatre “experienced researchers” (ER) et onze
“early stage reaserchers” (ESR) ont été formés dans les domaines plus variés, a partir de la chimie
organique a travers les aspects complémentaires de la science des polymeéres pour terminer avec la
fabrication de dispositifs photovoltaiques a I'échelle industrielle, et cette formation interdisciplinaire a
été un objectif important. L'objectif de ce projet était de développer des matériaux et des techniques
nécessaires a obtenir des cellules solaires organiques (OSC) a bon marché avec 10 ans de stabilité. Les
OSC sont a l'intersection des sciences physiques et chimiques et Establis a mis en place des strategies
innovantes pour développer de nouveaux polymers, des architectures de cellules et techniques de
caractérisations.

Deux approches différentes ont été utilisées pour améliorer la stabilité a long terme des
dispositifs. La premiere a été l'introduction de nouveaux matériaux, I'amélioration des processus
technologiques et des études complétes de vieillissement. La deuxieme approche a été adoptée afin
de clarifier les corrélations entre les propriétés optoélectroniques, les mécanismes de transfert de
charge, la photochimie et la stabilité des matériaux.

Les objectifs scientifiques, nécessaires pour atteindre I'objectif du projet, peuvent étre divisés
en quatre groupes: (i) production de matériaux avec une stabilité améliorée ; (ii) explication des voies
de dégradation photo(chimique) et mécaniques ; (iii) traitement des OSC avec contamination des
inter-couches reduite et une adhésion interfaciale accrue ; (iv) modélisation du vieillissement
photochimique en relation avec les propriétés optoélectroniques. Les chercheurs ont donc été
répartis en quatre groupes de travail (Figure 1.8) avec des taches spécifiques et une large compétence

multi-disciplinaire.
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Les différents partenaires (P) et partenaires associés (AP) avec les ER et ESR correspondants du

1 Motivation et contexte

WPI1 Synthesis
Task 1.1 Task 1.2 Task 1.3 Task 1.4 Task 1.5 Task 1.6
BHIJ-layer | BHJ-layer | PEDOT- | Interfacial | Barrier Ph):‘i“‘l
p-Type n-Type based Layers Coating Chemical
Polymers | Polymers Layers Coracterisaion
WP4 Modelling WP2  Material Stabilities
Task 4.1 Task 4.2 Task 4.3 Task 4.4 Task 2.1 Task 2.2 Task 2.3
Chemical |Intermolecular | Interfacial Device Organic-material [ Nanomorphology | Encapsulation
Degradation | Modelling | Modelling | Modelling Photodegradation | ~ Stabilisation Material
Mechanisms Stabilities

WP3 OSC Stability and

Performance
Task 3.1 Task 3.2 Task 3.3
0SC 0osC Relating OSC
Manufacture Ageing Performances
Protocols and Degradation

Figure 1.8 Establis modules de travail et les tiches relatives.

projet Establis sont présentés dans le Tableau 1.1.

Table 1.1 Establis partenaires et boursiers concernés.

P1

Université de PAU et des pays de I'Adour

Hugo Santos Silva (ESR1)

Alberto Gregori (ESR2)

P2

Belectric OPV GmbH

(formerly Konarka Technologies GmbH)

Dr. Simon A. Dowland (ER1)

Dr. Dargie Deribew (ER2)

P3

Vilniaus Universitetas

Meera Stephen (ESR3)

P4

Merck Chemicals Ltd

Dr. Grahgam Morse (ER3)

P5

Instituto Madrileno de Estudios Avanzados

Safakath Karuthedath (ESR4)

P6

Heraeus Precious Metals GmbH & Co KG

Dr. Stefan Schumann (ER4)

P7

Johannes Kepler Universitat Linz

Olena Kozlova (ESR5)

P8

Aston University

Joanna Kolomanska (ESR6)

Anna Isakova (ESR7)

P9

Institut de Chimie de Clermont-Ferrand

(Centre National de Recherche Scientifique)

Isabel Fraga Dominguez (ESR8)

Evgeniia Topolniak (ESR9)

P10

Eberhard-Karls-Universitat Tibingen

Aurélien Tournebize (ESR10)

P11

Medzinarodne Laserove Centrum

Mamadou Abass Seck (ESR11)

AP1

Evonik Degussa GmbH
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AP2 Siemens Corporate Technology

AP3 AMCOR

1.1.5 Objectifs du travail

Le but de ce projet de thése était de synthétiser de nouveaux polymeéres a faible bande
interdite (LBG) et de les appliquer dans des dispositifs OPV pour en améliorer la stabilité. La synthése
et la caractérisation de nouveaux polymeéres LBG a base de dithienosilole et diketopyrrolopyrrole ou
dithienyl-thienopyrazine est décrite, ainsi que leurs résultats dans des dispositifs photovoltaiques
OPV.

La stabilité mécanique des dispositifs est fondamentale pour I'application a long terme et
I'investigation dans ce domaine n’a commencé que récemment. Une nouvelle technique
expérimentale a été développée afin de caractériser la force d'adhésion dans les dispositifs OPV et
elle est présentée, avec deux voies possibles pour améliorer I'adhésion a l'interface la plus faible, soit
par l'utilisation de nouveaux matériaux soit par de nouvelles architectures.

Le travail présenté dans les chapitres suivants a été fait en collaboration avec certains des
autres ER et ESR, dans |'esprit de collaboration du projet. La conception et la synthése des deux séries
de polymeéres a faible bande interdite (LBGs) a été fait par moi-méme a I'Université de Pau, avec les
conseils du Dr Graham Morse (Merck Chemicals Ltd), qui a également effectué une partie de la
caractérisation chimique. Dr Simon A. Dowland, Dr Mirella EIl Gemayel et Dr. Dargie Deribew m'ont
formé dans la fabrication de dispositifs au cours de mon déplacement chez Belectric OPV GmbH et
nous avons aussi travaillé ensemble sur la fabrication et la caractérisation de dispositifs intégrant les
LBGs synthétisés a I'Université de Pau. Safakath Karutedath (Imdea Nanociencia) a été impliqué dans
la caractérisation du comportement des porteurs de charge dans le mélange polymére:PC¢:BM, par
spectroscopie d'absorption transitoire (TAS). Isabel Fraga Dominguez (Université Blaise Pascal) a
travaillé sur la stabilité d'une série de polyméres (PSBDPP) seuls et en mélange avec le PCs:BM, en
condition de photo- et thermo-oxydation. Dans le but de relier le taux de dégradation avec leurs
propriétés physico-chimiques, elle a caractérisé le contenu en espéces paramagnétiques par

Résonance Paramagnétique Electronique (RPE), la cristallinité des films minces par diffraction des
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rayons X (XRD) et les propriétés thermiques par Rapid Heat-Cool Calorimétrie (RHC) de cette série de
polymere.

Dr. Stefan Schumann a été impliqué dans le développement de set-up pendant son
déplacement a Pau, puis nous avons collaboré en testant les propriétés adhésives de dispositifs
intégrant différentes formulations de PEDOT:PSS developpées par notre partenaire Heraeus
Deutschland GmbH & Co. KG, visant a une amélioration de la force adhesion a l'interface entre la
couche active/PEDOT:PSS. La deuxiéme stratégie pour améliorer la force d'adhésion a été
I'introduction d'une couche de copolymeére a blocs a cette interface. Ces copolymeéres a blocs ont été
congus et synthétisés par Joanna Kolomanska (Université Aston). J'ai également participé a la
synthése de ces copolyméres a blocs pendant mon déplacement a I'Université d’Aston. Aurélien
Tournebize (Université de Tlbingen) a été également impliqué dans la caractérisation par XPS et AFM,
des surfaces apres les tests d’ahésion, afin d'acquérir une meilleure compréhension de I'effet de ces
nouveaux matériaux.

Tous les résultats présentés, résultent de la discussion avec mes superviseurs (Dr Christine
Dagron-Lartigau, Prof. Ahmed Allal, Dr Roger C. Hiorns et Dr Andreas Distler) ainsi qu'avec les autres
chercheurs impliqués (Dr. Stefan Schumann, Aurélien Tournebize, Dr Simon A. Dowland, Dr Dargie
Deribew, Dr Graham Morse, Isabel Fraga Dominguez, Joanna Kolomanska, Safakath Karuthedath et Dr
Mirella EI Gemayel du projet POCAONTAS). Remerciements spécifiques sont donnés lorsque leurs
données sont présentés au cours de la discussion.

Cette these est structurée comme suit: aprés ce premier chapitre qui présente le contexte
socio-économique, environnemental et politique qui contextualise le travail scientifique, le manuscrit
procede a une introduction des concepts de base et de I'évolution de I'OPV, présentant les principes
de conception et synthese de polymeéres, de la formation des couches minces et de I'architecture du
dispositif, qui ont conduit a I'état de I'art actuel. Dans les chapitres 3 et 4, les résultats en termes de
synthése, caractérisation chimique et performances des dispositifs basés sur les nouveaux polymeéres
push-pull LBGs basé sur le dithienosilole (unité de donneur) et le diketopyrrolopyrrole ou le
dithienylthienopyrazine (unité accepteur) sont présentés. Le chapitre 5 décrit le développement d'un
dispositif expérimental pour caractériser les forces d’adhésion entre les couches minces dans le cas de
dispositifs réels. La technique a ensuite été étendue a de nouveaux matériaux et architecture

développés au sein du projet Establis.
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2 Introduction

2.1 Brief history

Organic solar cells found their origin in the 1950s when the dark conductivity of halogen-
doped organic compounds was studied [1], even if the photoconductivity of condensed polyaromatic
systems was known since the beginning of the 20" century [2]. Although many of these compounds
were not stable, many investigations focused on the understanding of the charge transport electronic
properties of these conjugated systems. The first generation of OSCs was based on a single organic
layer sandwiched between two metal electrodes with appropriate work function [3]. These devices
showed very low power conversion efficiency (PCE) due to poor charge carrier generation and
ineffective charge transport. In the following years, researchers focused on the understanding and
improvement of the PCE, through the investigation of the effect of the metal/organic contact [4], the
introduction of new organic dyes [5] [6] and semitransparent electrodes [7], leading to OPVs
surpassing 1% efficiencies in 1978.

In 1986, Tang introduced a new architecture in the effort to improve the photocurrent of the
solar cell device: the bilayer heterojunction (Figure 2.1) [8]. The photoconductivity of laminated
organic systems was first studied in 1958 by Kearns and Calvin [9]; it involves two different organic
layers: a p-type layer (donor material) for hole transport and a n-type layer (acceptor material) for
electron transport. Through this innovation the devices reported by Tang showed a PCE of almost 1%.
He utilized a phtalocyanine derivative for the p-type semiconductor and a perylene derivative for the
n-type semiconductor. Indium tin oxide (ITO) was used as transparent electrode, while the back
electrode was metallic [8].

In contrast to inorganic photovoltaics, absorption of a photon by the photoactive layer of
organic devices produces a neutral excited state (exciton) instead of free charge carriers. This Frenkel
exciton has to diffuse to the donor-acceptor (D-A) interface in order to dissociate and form free
charge carriers via electron-transfer. Then, the charge carriers are free to migrate to the respective
electrodes. This migration is supported by the internal electric field, which in turn generates the
photocurrent and the photovoltage. In such devices, only excitons created within the distance of
about 10 nm [10] from the interface can reach the latter. This leads to the deactivation of excitons
being formed further away from the interface, resulting in lower quantum efficiencies. Consequently,
the performance of bilayer heterojunction devices is strongly limited by the small effective interfacial

area between the donor and acceptor [11], [12].
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Acceptor.
Donor

Figure 2.1 Bilayer (left) and bulkheterojunction (right) solar cell architectures. Image reproduced from reference [13].

The following development was introduced taking into account the short exciton diffusion
length. The effective charge-generating area is increased by augmenting the interface between p- and
n-type materials. In 1991, scientists from Osaka University made the first bulk heterojunction solar
cell (Figure 2.1) by co-sublimation of the two dyes, reaching a PCE of 0.7% [14]. In 1992, Heeger’s
group at UC Santa Barbara reported for the first time the photoinduced electron transfer between
poly[2-methoxy-5-(2’-ethyl-hexyloxy)-p-phenylenevinylene (MEH-PPV) and fullerene (Cgp) [15]. This
system showed an efficient photoinduced electron transfer and an increased photocurrent. In 1995,
the same group applied this new concept and reported the first bulk heterojunction polymer solar
cell, again using Cgp and MEH-PPV [16]. In a BHJ, an interpenetrating network with a large D-A
interfacial area can be achieved by controlling the phase separation between the two components. In
the ideal situation any absorbing site in the blend is within few nanometers from the D/A interface,
leading to an enhanced quantum efficiency of charge separation. The formation of a bicontinuous and
interpenetrating network ensures the presence of two channels which transport holes in the donor

domain, and electrons in the acceptor one, resulting in efficient charge collection.
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2.2 Working principle
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Figure 2.2 Working principle in BHJ solar cell. Image reproduced from reference [17].

The first step is the absorption of photons emitted by the sun (Figure 2.2). The absorption of
incident radiation by the material of the active layer causes excitation of the molecules with the
passage of an electron from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO). The band-gap (E;) of a polymer is defined as the energy difference between
the HOMO and the LUMO, and is typically expressed in electronvolt (eV). Once in its excited state, the
molecule can decay to its ground state through a radiative (fluorescence or phosphorescence) or non-
radiative (thermal relaxation) process. This internally bound electron-hole pair, called an exciton, is at
the origin of the photovoltaic effect. Its lifetime is of the order of a few nanoseconds. Excitons formed
are considered Frenkel type, bound by strong electrostatic interaction with a binding energy between
0.1 and 0.5 eV. Excitons can diffuse through the material to reach a dissociation site at the interface
between the donor (p-type) and acceptor (n-type) materials. In the case of m-conjugated polymers,
the exciton diffusion length varies from 10 to 20 nm [18]. If the dissociative sites are further than the
exciton diffusion length, the Frenkel exciton will relax to the ground state. For this reason, the
morphology and the domain size of the active layer play a decisive role in avoiding the exciton
deactivation. At the D/A interface, an electric field is created by the difference in the potential of the
two materials. Indeed, these two materials have different energy levels, inducing a local electric field
capable of compensating for the attraction between the electron and the hole. If the exciton reaches
this interface, it can be separated into an electron in the LUMO of the acceptor and a hole in the
HOMO of the donor via charge transfer. To promote this transfer, it is necessary that the energy of
the exciton is greater than the difference between the donor ionization energy and electron affinity of

the acceptor.
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Finally, the separated charges have to reach the electrodes. This step is determined by the
mobility of the charge carriers in the active layer (n <1 cm?Vvts™ for organic materials). This low value
may be compensated for either by improving the crystallinity of the active layer [19] or by using
intermediate layers. These layers, which are sandwiched between the active layer and the electrodes,
increase the internal field and let selectively pass only one type of charge carriers. For example, a
layer of poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS) can
promote the collection of holes [20] and a lithium fluoride layer (LiF), which promote the collection of
electrons [21]. Transporting electrical loads are very dependent on the purity of the materials, as

impurities act as traps that greatly reduce the mobility.

2.3 Device structures

The two most common structures of BHJ solar cells are the normal and inverted architectures
(Figure 2.3). The definition of the two geometries is related to the direction in which the charges flow.

In a normal geometry solar cell the bottom electrode is the positive electrode and the top
electrode is then the negative one. In the inverted geometry, the two electrodes and the charge
selective layers are swapped, such that the bottom electrode is the negative one while the top
electrode is the positive one. Different buffer layers can be added to improve the diffusion of
holes/electrons in a certain direction (hole/electron transporting layers, HTL or ETL) and to tune the
work function of an adjacent layer. In the normal geometry, the most common transparent hole-
collecting electrode is an inorganic oxide (indium tin oxide, ITO). On top of it, a layer of the conductive
polymer PEDOT:PSS is deposited to reduce the roughness of the ITO and to act as an HTL. Then, the
photoactive layer (AL) is deposited by solution processing a blend of the donor and the acceptor
materials and, finally, an aluminum layer that serves as electron collecting electrode (cathode) is
deposited by vacuum evaporation or printing. It has been shown [22] that the PEDOT:PSS layer and
the low work function electrode limit the lifetime of the devices.

In the inverted geometry, the most popular bottom electrode is again ITO. An extra electron
transporting layer (ZnO, TiO, etc) is presented to improve the device performance. The interface
between the hole collecting electrode and the active layer can be improved by a buffer layer such as
PEDOT: PSS, V,0;, the WO3 and MoOs; in order to reduce the recombination of electrons and holes

and increase the charge collection.
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Figure 2.3 Energy levels of materials in P3HT:PCg;BM BHJ solar cell for normal (a) and inverted (b) geometries.

Another common architecture is the tandem solar cell. In this case the objective is to absorb
most of the solar emission spectrum and thus increase the efficiency of the device by increasing the
photocurrent. The approach is to fabricate p-n, p-i-n or other diode structures combining
semiconductors of different band gaps and connect them to form a single device that may be able to
improve the photovoltaic conversion. To make such a cell, there are two possible ways to connect the
diodes: in series or in parallel. Currently, the series connection is the most widely used. Adjacent
devices are connected by a junction, the open circuit voltage of the tandem cell is equal to the sum of
the voltages of the two different cells [23], while the short-circuit current of the tandem cell is

determined by the lowest one of the two separated cells.

=
R
=
O
172
Q
<
Wavelength
[ =
e
-
O
172
Q
<
Wavelength

TT

Figure 2.4 Layer stack of tandem OPV with possible absorption spectra of a combination of polymers for the photoactive
layers. Image reproduced from reference [24].
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A record PCE of over 11.5% has been obtained for single junction devices [25], while for

tandem solar cells the record efficiency is over 12% [26].

2.4 Parameters governing overall performance of solar cells

The power conversion efficiency (PCE) of a solar cell is defined as the ratio between the output
power (P,,) and the incoming power (P;,), where P,,; can be expressed as the product of the open-
circuit voltage (Vo¢), the short-circuit current density (Js¢) and the Fill Factor (FF) [27][28] (equation (

2.1)):

Pour  Voc X Jsc X FF
PCE = =
P; Pin (2.1)

The Vo is defined as the voltage between the terminals when no current is drawn (infinite
load resistance) and Js¢c is the current when the terminals are connected to each other (zero load

resistance).

o>
Current
density

max VOC N

»
Dark Voltage

max

Hluminated Joc

Figure 2.5 Current-voltage (J-V) characteristics of a typical solar cell.

The Voc represents the maximum voltage that can be yielded by the solar cell under open-
circuit conditions. For bulk heterojunction solar cells it depends on the organic material and in
particular on their frontier orbitals. In fact, according to the models proposed by Scharber [29] and
Koster [30], Voc is determined as the difference between the HOMO level of the donor and the LUMO
of the acceptor.

When PCs;BM is employed as acceptor, whose LUMO level is -4.2 eV, the ideal LUMO level of
the polymer should be around -3.9 eV. An offset of around 0.3 eV between the LUMO energy levels of

the polymer and acceptor is required for an efficient exciton dissociation. It has also been proposed
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that lowering the HOMO of the polymer and increasing the LUMO of the acceptor will cause an
increase in the Voc resulting in higher efficiency [29][30]. Furthermore, it has been found that the Voc
does not strongly depend on the work functions of the electrodes [31][32].

The Jsc is the maximum photocurrent that could be obtained in a given solar cell when no
voltage is applied. It mainly depends on the photon absorption of the photoactive layer. Thus,
maximizing the matching between the absorption spectra of the donor-acceptor blend and the solar
emission spectra will maximize the number of excitons generated and consequently the Jsc.

While the measured V,. matches closely the theoretical value, the short-circuit current is
always found to be lower than the theoretically predicted values. This is due to a series of loss
mechanisms, which are strongly related to the morphology as well as to the lifetime and mobility of
the charge carriers [33][34]. For example, if the domain size is too large, excitons can be lost due to
exciton decay (the exciton diffusion length is on the order of 10 nm). On the other hand, domains
being too small can induce an enhanced recombination of the charge carriers [35]. Moreover, the
donor and acceptor domains need to form percolative paths towards the electrodes, in order to
enable charge collection.

The Fill Factor describes the quality of the solar cell and is determined by the following
equation ( 2.2 ):

VPmax X IPmax

FF =
Voc X Isc

(2.2)

The FF depends on the competition between charge carrier recombination and transport
processes. Additionally, a high series resistance and a low shunt resistance can significantly influence

the FF and thus should be minimized and maximized, respectively.

A solar cell can be described through its equivalent circuit, a generator in parallel to a diode

(Figure 2.6):
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Figure 2.6 Equivalent circuit of an organic solar cell.
Resistive effects in solar cells can reduce its efficiency by dissipating power in the resistances.
The two most common parasitic resistances are the series resistance (Rs) and the shunt resistance
(Rst).

The total current through the circuit can be expressed as (equation ( 2.3 )):

I=IL_ID_ISH (2.3)

where J; is the photogenerated current, /p is the current flowing through the diode and Isy is the

current through the shunt resistance.

Rs depends on the resistivity of the materials in the solar cell and on the contact resistance at
their interfaces. Its main impact is to reduce the FF, while high values may also reduce the Jsc

(equation ( 2.4)):

q(V+IRg)
I:IL_one nkT (2.4)

where | is the cell output current, /; is the photocurrent, V is the voltage across the cell terminals, T is
the temperature, g is the electron charge, k is the Boltzmann constant, n is the ideality factor, and Rs
is the series resistance. Series resistance does not affect the solar cell at open-circuit voltage since the
overall current flow through the equivalent circuit is zero. However, near the open-circuit voltage, the
I-V curve is strongly affected by Rs. A straight-forward method of estimating the series resistance of a
solar cell is to find the slope of the |-V curve at the open-circuit voltage point.

Rsn is a parallel resistance, that corresponds to a current dispersion of the diode. The effect of
a shunt resistance is particularly severe at low light levels, since there will be less light-generated

current and the loss of this current to the shunt therefore has a larger impact. In addition, at lower
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voltages where the effective resistance of the solar cell is high, the impact of a low resistance in
parallel is large.
The equation for a solar cell in presence of a shunt resistance is (equation ( 2.5 )):
av V

I=IL_onem_E (2.5)

where [ is the cell output current, I, is the light generated current, V is the voltage across the cell
terminals, T is the temperature, g is the electron charge, k is the Boltzmann constant, n is the ideality

factor and Rgy is the cell shunt resistance.

In conclusion, in the presence of both series and shunt resistances, the |-V curve of the solar
cell is given by (equation ( 2.6 )):
aWv+iRg) I 4 [Rg

I=IL—IOB nkT _R— (2.6)
SH

2.5 Materials for the PhotoActive Layer

2.5.1 Acceptor Materials

In this sub-section a brief overview of the main acceptor materials [36] will be presented. The
acceptor material is the material which accepts the electron from the donor material, ensuring the
exciton separation and the electron transport to the electrode. In general it participates poorly in the

absorption process. Acceptors can be divided in two categories: fullerene-based and non-fullerene.

2.5.1.1 Materials based on fullerene

Due to its reduced solubility, fullerene (Cgo) has been replaced by its derivatives, among which
the most common is phenyl-Cg:-butyric acid methyl ester (PCs:BM) [37], which is soluble in most
organic solvents. Moreover, it has a good electron mobility (4.2 x 10 cm?V's™) [38], good acceptor
properties, and good miscibility with conductive polymers. Many efforts have been performed to
further improve the solubility and to optimize the phase segregation of fullerene derivatives in the
bulk, without reducing its optoelectronic properties. Few examples are reported in Figure 2.7: phenyl-

Cs1-butyric acid alkyl ester PCg;BB [39] in which the alkyl-chain length is explored, thienyl-Cg;:-butyric
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Fulerane

~
10g0)

-

hydronaphthy! bridge ester C, PC,.BM

Figure 2.7 Different derivatives of fullerene.

acid methyl ester (ThCg;:BM)
[40] in which the aryl
substituent is  thiophene
instead of phenyl and the
dihydronaphtyl bridge ester
Ceo [41] in which is the
methylene bridge to be
substituted.

Another fullerene used
in organic photovoltaics is Cyg

and its derivative phenyl-C;;-

butyric acid methyl ester (PC71:BM) [42]. C40 has an asymmetric structure and a stronger absorption in

the visible region than Cgo. It has been used in combination with many n-conjugated polymers and in

particular with LBG polymers [43][44].

2.5.1.2 Other types of acceptors

Even though fullerene derivatives are the most diffused acceptors in OPVs, some drawbacks

such as a limited absorption in the visible region and hardly tunable LUMO levels are pushing the

research for new materials. With this aim both small molecules and polymers have been investigated.

Figure 2.8 Examples of small molecule acceptors for OPV and OFET application.

36

Amongst the small molecules
considered, there are derivatives of
siloles (Figure 2.8 (a) [45]), acenes
(Figure 2.8 (b) [47], (d) [48],
perylenediimides (Figure 2.8 (c)
[46]) and (e) (49]),
diketopyrrolopyrrole (Figure 2.8 (f)
[50], and (g) [51]), etc.

Polymers have also been
studied as acceptors. In their case,

the main advantage is the easy
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tunability of their energy levels, ensuring efficient exciton dissociation and charge transport in the
active layer. In some cases electron withdrawing groups have been attached to donor polymer (Figure
2.9 (a) [52]) or polymer which contains the aforementioned small molecules in their backbones

(Figure 2.9 (b) [53], (c) and (d) [54]) or as lateral groups (Figure 2.9 (e) [55]).

'Pr
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. 0O
Lo
\f\
N
O EtHex
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Figure 2.9 Examples of n-type polymers used as acceptors in OPV and OFET applications.

2.5.2 Donor materials
This sub-section opens with a brief overview of the main donor materials both small molecules

and conjugated polymers, to then introduce low band-gap polymers, the subject of this thesis.

2.5.2.1 Small molecules

Small molecules present some advantages with respect to other donor materials, maintaining
performance comparable to polymer solar cells, with a record PCE of 12% [26]. For example, high
reproducibility is achievable due to the well-defined molecular structure and to the vapour deposition
processes, which leads to highly controlled and well defined layers of high purity. During the last 10
years many other molecules have been synthesized and proposed as donor materials [56].

Since 2005, interest in this area has rapidly increased, leading to the synthesis and to a
different application of many classes of m-conjugated molecules (Figure 2.10 [57]) such as

oligothiophenes (a) [58], triphenylamines (b) [59], EDOT-based systems (c) [60], diketopyrrolopyrroles
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(d) [61], dicyanopyrane derivatives (e) [62], merocyanines (f) [63], oligoacenes (g) [64], squaraines (h)
[65], indigos (i) [66], etc.

Figure 2.10 Examples of small molecules used as donors in OPVs: oligothiophenes PCE=0.80% (a) [58], triphenylamines
PCE=4.3% (b) [59], EDOT-based systems PCE=0.70% (c) [60], diketopyrrolopyrroles PCE=4.4% (d) [61], dicyanopyrane derivatives
PCE=1.5% (e) [62], merocyanines PCE=4.3% (f) [63], oligoacenes PCE=2.25% (g) [64], squaraines PCE=3.1% (h) [65], indigos PCE=1.76%.
(i) [66].

2.5.2.2 [-conjugated polymers

Since their discovery 2.1.1.1 m-conjugated polymers have found increasing application interest
for the realization of different types of electronic devices (OLEDs, solar cells, sensors, transistors,
electrochromic devices), thanks to their mechanical characteristics, low cost, and the possibility of
tuning the electronic structure to obtain the desired properties. Different monomers present different
HOMO and LUMO energy levels from which are derived the different bandgaps and optical properties
of the polymer. In addition, the relative positions of the HOMO and LUMO energy levels, and thus the
optical properties, can be controlled by appropriate structural changes. For example this is possible by
introducing electron-rich and electron-poor substituents, but also by taking advantage of steric

interactions and varying the degree of delocalization of it electrons along the polymer chain. Since the

optical characteristics of m-conjugated polymers are primarily determined by the chemical nature of
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the constituting monomers, it is common to classify them into families based on the monomer units
[67].

Polyaniline is probably the first conjugated polymer produced and studied, since it has been
firstly synthesized in the 19" century. It can be synthesized either by electrochemical or oxidative
polymerization techniques and the polymer obtained exhibits multiple electrochromic behavior,
depending on its oxidation state. In 1977, Alan J. Heeger, Alan MacDiarmid, and Hideki Shirakawa
reported similar high conductive polyacetylene. For this research, they were awarded the Nobel Prize
in Chemistry 2000 "for the discovery and development of conductive polymers”.

There are two forms of polyacetylene as presented in Figure 2.11, trans-and cis-polyacetylene

[68].
HoHH o HoWOHH
Cs J0s Cs G » Cc=C £=0
TeTerTeTe c=¢c |e=¢
H H H H H H H H

Figure 2.11 Trans-polyacetylene (right) and cis-polyacetylene (left). In the blue and red box are reported the repeat units.

Trans-polyacetylene has two carbon atoms in the repeat unit, while for cis-polyactylene, there
are four. Trans-(CH)x is a semiconductor with an energy gap of approximately 1.8 eV [68][69]. Cis- and
trans-polyacetylene are examples of the First Generation semiconducting polymers. Even if cis-
polyacetylene is easily achieved by the Ziegler—Natta catalyst used in the Shirakawa synthesis, trans-
(CH)y is the stable form. Cis-polyacetylene can be thermally converted to trans-polyacetylene [70].
Polyacetylene itself did not find practical applications, but drew the attention of scientists and

encouraged the rapid growth of the field.
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Figure 2.12 Second Generation of semiconducting polymers (reproduced from reference [71], with modifications).

To the Second Generation of semiconducting polymers ([71], Figure 2.12) belong the poly(p-
phenylene)s (PPPs), poly(p-phenylenvinylene)s (PPVs) and poly(thiophene)s (PTs) as well as their
more processable alkyl- and alkoxy-derivatives. Poly(aniline) is another important example of this
Second Generation.

Poly(p-phenylenevinylene) (PPV) has been one of the first m-conjugated polymers that have
thoroughly been studied, due to its conductivity and its photoluminescent properties. PPV has been
the first polymer used in polymer-based LEDs [72] and its derivatives remain between the most
studied m-conjugated polymers for this application as well as for organic photovoltaics. The HOMO
and LUMO levels of the unsubstituted PPV were reported at -5.1 and -2.7 eV, respectively, with a
bandgap of 2.4 eV. The introduction of two alkoxy groups on the phenylene ring allowed to disrupt
the molecular orbitals and to reduce the bandgap to 2.2 eV [73]. Another way to tune the energy
levels of PPV derivatives is the incorporation of substituents on the vinylene bridge. Based on this
idea, PPV derivatives containing a cyano group attached to the double bond have been synthesized
(CN-PPV).

In the first years of polymer solar cells, MEH-PPV:Csy blends have been the dominant

materials, later replaced by a combination of MDMO-PPV and Cg (PCBM) which allowed better
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device performances [34], [74], [75]. However, the large band gap and the low mobility of PPV
derivatives limit the power conversion efficiency to only 3% [21], [76], [77]. Therefore, the interest in
this class of polymers for photovoltaic application has disappeared.

Polythiophene is one of the most common m-conjugated polymers and it is used in a wide
range of applications such as chemical sensors, light-emitting diodes, field-effect transistors, and
organic solar cells due to its improved electronic and electrical properties, thermal and chemical
stability, when compared to PPVs. The unsubstituted polythiophene can be easily prepared by
oxidative chemical polymerization and the resulting polymer is highly conductive, thermally stable but
absolutely insoluble. Starting from 1990’s, soluble and thus processable [78]-[80] polythiophenes
were obtained by several groups, adding a flexible side-chain. In particular, poly(3-hexylthiophene)
(P3HT) became really popular after McCullough et al. [81] have reported a very effective
polymerization method of 3-alkylthiophene. This method allows to achieve regioregular head-to-tail
poly(3-alkylthiophene-2,5-diyl)s, without any major defects. Later, he himself reported a more
economical method led to poly(3-alkylthiophene) with 99% of regioregularity (rr-P3AT), called

Grignard metathesis (GRIM) [82]. Alternative

S5e+18

Photon flux strategies have been developed involving

o~ 1 P."«H"I'
R W*p == ~ Rieke metals [83], direct arylation
o 3
'7; 3e+18 - % polymerization (DARP) [84] or Stille cross-
~— =
é Saaihs | r " é coupling [85]. Nowadays, highly regioregular
é f \ 7\ Z  P3HT is relatively easy to synthesize and
i 1e+18 N | Y

} \ ,'L-'ﬂv\‘mk process, relatively stable and affordable [86].

o — = \ )

500 1000 1500 2000 2500 The efficiency of a P3HT:PCs:BM solar cell is

Wavelength (nm) . . . .
typically 4-5%, which is close to the optimal
Figure 2.13 Absorption Spectra of P3HT (purple), a LBG (green) and

the Solar Emission Spectra at AM 1.5D (black). Image reproduced performa nce for this system [87]_[90]_
from reference [98].

Several groups have tried to improve that

performance by optimizing several factors such as morphology, device architecture, the molar mass,

the electron acceptor but this has not resulted in significant improvements in conversion efficiency.

The main drawback of P3HT is still its relatively large bandgap (1.9 eV), which does not allow a good

overlap of its absorption spectra with the sun emission spectrum (Figure 2.13).
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With the aim to overcome the limits of the previous generations, a Third Generation of
semiconducting polymers ([71], Figure 2.14), the so-called Low band-gap polymers, has been
developed in the past few years [91]. This new class of nm-conjugated polymers shows a better overlap
between the absorption spectrum of the polymer and the solar spectrum [92][93][94]. Record
efficiencies of 11.5% have been reported, for both single junction [25] and tandem [95] devices. The

goal now is to reach the 15% efficiency [96].

N N R\SI

/\\/ M

poly[(2,6-bis-(2-alkyl)-4H-cyclopenta(2,1-b;3,4-b)- poly[(4,4'-bis(2-dialkyl)dithieno(3,2-b;2',3'-d)silole)-
dlthlophene) alt-4,7-(2,1,3-benzothiadiazole)] 2,6-diyl- alt (2,1,3- benzothlad|azole -4,7- d|y|)]
(PCPDTBT) (PSBTBT

w

poly(9,9- dlalkylfluorene co-bithiophene) (F8T2)  poly(2,5-bis(3-alkylthiophen-2-yl)thieno( 3 2-b)thiophene) (PBTTT)

poly[(4,8-bis[(2-ethylhexyl)oxylbenzo[1,2-b:4,5-b'|dithiophene-2,6-diyl)-alt-  Poly[3,6-bis-(4'-dodecyl-[2,2']bithiophenyl-5-y1)-2,5-
(3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl)] bis-(2-ethyl-hexyl)-2,5-dihydropyrrolo[3,4-]pyrrole-1,4-dione]
(PTB7) (PBBTDPP2)

Figure 2.14 Third Generation semiconducting polymers. R=alkyl chain ([71] and [97], with modifications).
2.5.2.3 Why aiming at LBGs [98]

Many techniques allow to measure the band-gap of organic molecules. The two most
important are the optical band-gap estimated from UV-vis spectroscopy and the electronichemical
band-gap determined through cyclic voltammetry (CV). A polymer is usually considered a low band-
gap polymer when its band-gap is less than 1.8 eV, so that its absorption edge is at wavelengths (A)
longer than 620 nm.

It is clear from Figure 2.13 that the low band gap polymers absorb light where P3HT and MEH-
PPV do not. The photon flux (f(A)) as a function of the wavelength gives a good picture of how many

photons can be harvested and is calculated by equation ( 2.7 ):
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Is(A)
(D) (2.7)

fQ) =

where and Is(A) is the sun irradiance in W m2nm™ and E(A) is the photon energy, both expressed as a

function of the wavelength A (equation ( 2.8 )):

E,(A) = hv = h% (2.8)

where h is Planck constant (6.626x10°%Js), c is the speed of light (2.998x10° ms™).
The integrated photon flux (F(A)) evaluated by equation (2.9 ):

[z f WA _ DATE 00 f)

y 1 (2.9)

FQ1) =

is obtained by dividing the value of the integration of photon flux f(A) for the area under the
sun irradiance curve, which, in turn, is determined by equation ( 2.10)

A=4000 A=4000
as=[ rma=ay i (2.10)

A=280 A=280

The integration range from 280 to 4000 nm has been chosen, because the sun irradiance is
practically zero beyond these limits (Figure 2.15).

Assuming that every photon is converted to one electron, F(A) can be used to calculate the
maximum theoretical current (integrated current I;, equation ( 2.11))

Iy =F@)-e (2.11)

where e is the elementary charge (1.602x10™ C).

The photon flux, the integrated photon flux and the integrated current are plotted as a
function of the wavelength and we see that absorption at longer wavelengths results in a higher

maximal theoretical current (Figure 2.15).
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Figure 2.15 (a) Sun irradiance (black) and photon flux (red) as a function of wavelength. (b) Photon flux as a function of
wavelength (BLACK). The integral (RED) is shown with two axes showing the integrated photons and the theoretical
current. Image reproduced from reference [98].

The absorption spectrum of the polymer does not correspond completely to the photon flux,
and hence the maximum theoretical current is not /. Moreover, in OPVs, the actual current depends
on several factors, such as morphology, layers thickness, carrier mobilities, etc. To obtain a more

precise calculation the incident photon

5 - 50 -
to current efficiency (IPCE) should be
TE 60 Current .
S —— Voltage |[ 4 40 taken into account.
E Power . r"'E
s & L3 = |30 ; The improved overlap of low
[~}
o &
5 o :Z - % bandgap polymer absorption spectra
3 § > :
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| \ effect on the short-circuit current, but it
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Figure 2.16 Maximum power obtainable in OPVs based on the AM .

1.5G emission spectrum. The power is taken as the product of the Indeed, the maximum VOItage
integrated current assuming an IPCE of 100% and the voltage of the

device as the value for the bandgap. Thus, the power is the maximum
theoretical value, neglecting thermodynamic effects and losses. The
pink box is the range of bandgaps where the most efficient devices

can be found. Image reproduced from reference [98]. is in the region of 0.9-1.2 eV. Another

obtainable decreases as a function of

wavelength and the optimum bandgap

important factor that influences the Voc is the energy level alignment between the polymer, the

electron acceptor and the electrodes.
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M-conjugated polymers in the ground state have two different resonance structures with non-
degenerate energy. The first one is called

Aromatic form ‘ Quinoid form the aromatic form, where each aromatic
©

- T unit maintains its aromaticity, confining
= 8= Ze

. . @ :
——> a2

the m-electrons. While in the quinoid form,

the aromaticity of each unity is broken,

uonejndod piouinb Suiseasdu|

Eg=2.5 eV
. I «e ) leading to the delocalization of the n-
s S — s = s
Eg =20V electrons along all the m-conjugated chain.
. ‘ 3 5 Compared to the aromatic form, the
S S
° ° E;=1.0 eV D quinoid form is energetically less stable

Figure 2.17 Aromatic and Quinoid form of poly(phenylene), poly(p- and hence has a smaller bandgap because
phenylenvinylene), poly(thiophene) and poly(isothianaphtene). Image
reproduced from reference [138]. adopting a quinoid structure requires
destruction of the aromaticity and a loss in the stabilization energy.

The ratio between the population of the aromatic and the quinoid forms can be defined
through a geometrical parameter: the bond length alternation (BLA). The BLA is defined as the
average of the difference in length between adjacent C-C bonds in polyene chain. If the aromatic form
prevails in the ground state, a larger BLA value will be obtained. For example, by inserting a double
bond between two benzenes in the backbone of poly(p-phenylenevinylene) the aromaticity is
reduced and the value of the bandgap decreases from 3.2 to 2.4 eV. Thiophene has a lower degree of
aromaticity compared to benzene; so polythiophene is more likely to adopt a quinoid form and thus it
has a band gap lower than 2.0 eV.

The band-gap of a m-conjugated polymer depends on the combined effect of many different
parameters, such as intra-chain charge transfer, bond-length alternation, substituents effects,
intermolecular interactions, m-conjugation length, etc. [99] All these parameters should be carefully
considered when designing new low bandgap polymers.

Various strategies to reduce the bandgap are based on the molecular modification of the main
backbone, playing with steric or electronic effects on m-conjugated main chains. In the following

paragraph the most diffused strategy will be presented.
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2.5.2.4 Donor-acceptor strategy and Quinoid stabilization

In the last years, a strategy to develop semiconducting polymers with broader and stronger
absorption with respect to P3HT, the most common and studied donor material for OPV, has been
explored. This strategy consists of the coupling of an electron-rich (donor) unit and with an electron-
deficient (acceptor) unit. The bandgap of the resulting alternate polymer is determined by the
combination of the energy levels of the acceptor and donors units. The internal charge transfer
between donor and acceptor units increases the overall absorption [100], while the m-electron
delocalization is facilitated thanks to the planar configuration adopted by the n-conjugated backbone,
leading to a smaller band gap. This concept basically suppresses the Peierls effect [101][102].

This strategy was first proposed in 1993 by Havinga et al. [103] and most of the low band gap
polymers reported in literature are based on thiophene derivates or on thiophene as part of a fused
ring system [104][105][106]. The alternance of donor and acceptor units promotes the formation of
the mesomeric quinoid form (D — A & Dt = A7), through the introduction of a push-pull driving

force that significantly reduces the BLA value.

A
As said, the bandgap of these polymers is
determined by the value of HOMO of the donor
, LUMO
m— unit and the LUMO of the acceptor unit (Figure
LUMO ;
2.18). A low bandgap polymer is the result of a high
> Band gap
g _H_ energy level of the HOMO coupled with a low
F ,_H_ energy level of the LUMO of the acceptor
+ HOMO [107][108]. In fact, according to the rules of
HOMO —H— perturbation theory, the HOMO of the donor unit
interacts with the HOMO of the acceptor unit
A D-A D

Figure 2.18 Orbital interaction of donor and acceptor units allowing the formation of two new HOMO levels
leading to a reduced band gap in a D-A system.
for the D-A system. In the same way, two new
LUMO levels are produced by the interaction of the LUMO donor level with the acceptor one. A
higher lying HOMO and lower lying LUMO level are formed after the electron redistribution from their
original non-interacting orbitals to the new hybridized orbitals of the D-A polymer system.
The intermolecular interactions have also a strong effect on the bandgap value. As

demonstrated with P3HT, the inter-chain organization in the solid-state produces a red shift of the
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absorption spectrum, reducing the band-gap [109]. A high stereoregular structure and an extended
planar conformation are necessary to obtain closely packed and ordered crystalline domains. If the
conjugation length increases [110] the bandgap is lowered, and the torsion angle can be reduced
enhancing the backbone planarity, further reducing the bandgap of the polymer [111].

Substituents on the donor and acceptor units play two fundamental roles because they can
influence their energy levels and the solid state nanostructure and morphology. The degree of
bandgap reduction is strongly dependent on the donor and acceptor strengths. This can be easily
done by using electron withdrawing groups (EWG) on the acceptor unit and electron donating groups
on the donor. An electron donating group, such as alkoxy- or amine-, raises the HOMO energy
because its electron density is pushed into the m-orbitals of the main aromatic unit. In this way it is
easier to remove an electron from the HOMO energy level. On the other hand an electron accepting
group, such as cyano, quinoxalines, pyrazines, thiadiazole or trifluoromethyl, lowers the LUMO due to
the lowered reduction potential, making it easier to push an electron into the LUMO.

Alkyl chains do not have any strong effect on the energy levels but they are introduced in
order to improve molecular weight, solubility, and processability of the m-conjugated polymers. On
the other hand, they can have a strong effect on intermolecular interactions, introducing

supramolecular ordering to enhance the solid-state packing.

2.5.3 Polymerization Techniques
According to the polymerization mechanism, it is possible to distinguish three main classes of
reactions: polyaddition, polycondensations and chain polymerization (Figure 2.19-a) [112]. In

polyaddition and polycondensation (also
OO0 L o JON®)
QO® O_>O Qi@
CHOMGU® oF o

O0O0O0 ee0OO0
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:_-Ié_ e O I
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(a) (b) through the reaction of a monomer with the

called step-growth), polymer chain growth

proceeds by reactions between molecules

- 528888

of all degrees of polymerization, either by

Molecular welght (*1043)

addition or condensation reaction. While in

chain polymerizations, the chain is extended

Figure 2.19 Step-growth polymerization mechanism and (b) comparison active site of the polymer chain,
between step-growth and chain-growth polymerization by

Chem538grp5w09 - Own work. Licensed under Public Domain via regenerating the active site at the same
Wikimedia Commaons.
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time. In polyaddition and polycondensation, the monomers are rapidly consumed causing a reduction
of the polymerization rate. This leads to a slow increase of the polymer molecular weight, if compared
with monomer conversion (Figure 2.19-b). The polymerization ends when the concentration of
functional groups or the mobility of the reactive chain-end is too low. One of the most important
factors that affects the molecular weight of the final polymer is the stoichiometric balance of the two
monomers. Purity of the monomers is mandatory if high molecular weight polymers are desired.

Many natural and synthetic polymers (polyesters, polyamides, polyurethanes, polycarbonates,
etc) are produced by addition polymerizations, including the first synthetic polymer, bakelite,
reported by Baekeland in 1907. In the 1930s Carother, developed a new synthetic route for polyesters
with a polycondensation mechanism. Carothers and Flory developed a theory to describe
mathematically many aspects of the addition polymerization, such as kinetics, stoichiometry,
molecular weight distribution, etc.

The main reactions for the synthesis of conjugated polymers are polycondensation reactions.
They are generally catalyzed by Pd(0) and involve two different bi-functionalized aromatic co-

monomers: Mizoroki-Heck [113], Stille [114], Suzuki-Miyaura [115], and direct arylation [116].

2.5.3.1 Stille coupling reaction

The first report of a cross-coupling reaction between organostannanes and electrophilic
compounds was in 1976 and 1977 by Eaborn [117] and Kosugi [118][119], while the first publication
by Stille where he synthesized ketones by reacting acyl chloride and organostannanes through a
palladium-catalyzed cross coupling reactions appeared in 1978 [120], with a review of the
methodology in 1986 [114]. The Stille reaction quickly became one of the most useful tools for
forming sp? carbon-carbon bonds.

The Stille coupling between stannanes and aryl halides has become a versatile synthetic
methodology and has been widely applied to the synthesis of different organic compounds
[121][122]. This is due to many advantages, as the fact that the Stille reaction is stereospecific,
regioselective and typically gives excellent yields. It can tolerate many functional groups and it
requires mild reaction conditions. Moreover, the organometallic compounds involved are far less

oxygen- and moisture-sensitive than many of other organometallic analogues.
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n X-R-X + n R"3Sn-R'-SnR"; m» JrR—R']L + 2n X-SnR"3
ligand n

R" = alkyl;
R and R' = aryl, alkenyl;
X =1, Br, Cl, OTf

Scheme 2.1 Schematic representation of polycondensation by Stille cross-coupling reaction.

Thus, the involved organo-halide and organo-tin compounds (Scheme 2.1) can be extensively
functionalized without any protecting functionality, giving the chance to design molecules with
virtually any functional moieties showing almost any desired property. This feature is particularly
important in the synthesis of functional molecules for a wide range of applications, where particular
properties are related to the presence of specific functionality (nonlinear optics, biological sensor,
OLED, OPV, etc.). One of the most interesting applications of this reaction is the synthesis of
conjugated poly-aromatic systems with semiconducting properties.

The first studies about the polymerization of organotin and dihalide monomers appeared at
the turn of 1980s and 1990s by Bochmann [123], Schulz [124], and Galarini [125] groups. In 1993, Yu's
group optimized a polycondensation methodology for the synthesis of heteroaromatic diblock
copolymers with high molecular weight [126][127] and after that the Stille polymerization has been

extended on a wide range of different substrates [128].

2.5.3.2 Suzuki coupling reaction

The first to observe the possibility to use boronic acids in cross-coupling reactions in presence
of Pd(0) had been Heck in 1975 [129]. But it was in 1979 that Suzuki reported the palladium-catalyzed
cross-coupling between 1-alkenylboranes and aryl halides (Scheme 2.2) [130]. The Suzuki—-Miyaura
reaction has been developed into a powerful and general method for the formation of sp® C-C bonds
[115]. For his pioneering work he has been awarded with the 2010 chemistry’s Nobel Prize, jointly to
Heck and Negishi.

Its success is due to many advantageous features, among which the most important are the
easily handled and usually air and moisture stable organoboron starting materials and the facile
removal of less-toxic inorganic byproducts, certainly with respect to the toxic Stille polycondensation.
With the other cross-coupling reactions it shares the stereospecific, regioselective, mild and
convenient reaction conditions and a wide freedom in the choice of functionality. These aspects make
the Suzuki—Miyaura coupling reaction especially useful for industrial applications. On the other hand
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the two phase system altogether to the required basic conditions are important drawbacks that limit
its application or that require more complex solutions.

Pd(0)

base,
ligand

n X-R-X + n R",B-R'-BR", +R_R+n + 2n X-BR",

R" = alkyl, hydroxy, alkoxy;
R and R' = aryl, alkenyl, alkyl;
X =1, Br, Cl, OTf

Scheme 2.2 Schematic representation of polycondensation by Suzuki cross-coupling reaction.

The first studies involving the polymerization of organoborane and dihalide monomers
appeared in 1989 by Schluter’s group succeeded in the synthesis of poly(para-phenylene) (PPP) [131]

and then applied to a wide number of aromatic compounds [132].

2.5.3.3 General mechanism

The general mechanism of these Pd(0)-mediated reactions has been thoroughly investigated
[133][134][115]. In a highly simplified way (Scheme 2.3), the mechanism can be divided in three
different steps: an oxidative addition (1), followed by a transmetalation (2) and a final reductive
elimination (3), which yields the cross-coupling product and regenerates the catalyst. As already
stated, the Pd(0) species is the active catalyst, but Pd(ll) catalysts are more common and diffused
mainly due to their higher stability. When used the Pd(ll) has to be reduced to Pd(0) prior to its entry

into the catalytic cycle, constituting an additional initial (0) step.

R'3SN-R-RX PAOLs RUBRRX PA(O)Ls
XRX X-RX
2L 2L
) ) ) ()

X-R-Pd(Il)L;R-SnR"3 X-R-Pd(IlLyX X-R-Pd(IL,R-BR", X-R-Pd(Il)LoX
Q
Q
R"BY, Y
2
v o e
@ R-BR", RBR",Y X-R-Pd(I)Ly-Y X
X-SnR"3 R"3Sn-R-SnR"3

Scheme 2.3 General Stille (left) and Suzuki (right) catalytic cycles.

The first step in the catalytic cycle, the oxidative addition (1) (Scheme 2.4) occurs when the

organohalide or triflate oxidatively adds to the Pd(0) active catalyst, forming a Pd(ll) intermediate [X-
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R-Pd(II)L,-X]. This step is followed by a rapid cis-trans isomerization, the final configuration depends

on the R group of the halide.

% L
X—R—Pq(ll)—L X—R—Pclj(ll)—X
L L

cis trans

Scheme 2.4 General mechanism of cis-trans isomerization.

The second major step in the process, the transmetalation (2), is generally regarded to be the
rate-determining step [134]. This step is the most complex and many possible mechanisms have been
proposed. The transmetalation process in general is a process of ligand substitution on a Pd(ll)
complex and, in this case, it is cleavage of the Sn-C or B-C bond by an electrophilic Pd(ll) complex.
Organostannane directly undergoes transmetalation while organoboron does it only in presence of a
base, thus it is commonly accepted that the role of the base is to activate the organoboron
compound.

Reductive elimination (3) (Scheme 2.5) is the final step in the process, which generates the
desired product and allows the palladium catalyst to regenerate and to reenter the catalytic cycle. A
trans-cis isomerization precedes this step, in order to place the coupling partners cis to one another

(M is =SnR’3 or —=BR »):

o ;
X-R—Pclj(ll)—L X-R—Pclj(ll)—R'M
L L
cis trans

Scheme 2.5 General mechanism of trans-cis isomerization.

This is reported to be a fast step in the process following which the product is quickly
eliminated and the Pd(0) catalyst is eliminated.

The choice of ligands, solvents, and additives all play a major role in the success of the cross-
coupling reactions, and alternative mechanistic pathways have been shown to exist on the basis of
varying reaction conditions. While the simplified steps mechanism reported is generally accepted, the

process itself is far more complex and has been the subject of extensive mechanistic studies [134].

2.5.3.4 Critical parameters
In the Stille polycondensation, the solvent has to be chosen considering all the different

parameters. It has to dissolve the starting monomers, to stabilize the catalyst, and to support its
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activity. Furthermore, it must also keep the growing polymer in solution for as much as possible in
order to achieve high molecular weights. The most employed solvents are toluene, xylene, THF, DMF,
NMP, DMSO, dioxane, and chloroform. That the solvent must also sustain the high temperatures (120
°C to 150 °C) is an additional problem. In the case of Suzuki reaction, the two solvents system required
presents a more complicated problem. The mixed aqueous/organic solvent system (water/toluene,
THF, dioxane, dimethylformamide) can affect the nature of the boron reagent itself (boronic acid,
boronic ester, etc). Thus, the associated purity issue is often an unknown factor.

In both Suzuki and Stille reactions, to achieve high molecular weight polymers the choice of
the reagents is a key parameter, as well as their precise stoichiometry. In polycondensations a slight
deviance from equivalence can have a huge negative effect on the degree of polymerization.
Homocoupling of the ditin compound can pose a problem in maintaining a stoichiometric match.
Furthermore, since extremely pure monomers are required to have precise stoichiometry, the
intrinsic instability of many organotin compounds is a limit to purification options. The exact nature of
the organo-boron species has profound effect on the efficacy of a given transformation. Another
important parameter in the Suzuki—Miyaura reaction is the choice of the base.

In both Stille and Suzuki reactions, the polymerization is carried out using bisfunctionalized
monomers. Generally, diiodomonomers are more reactive than dibromo monomers, while aryl
chlorides have been barely used due to their low reactivity in oxidative addition to Pd(0). Usually, the
coupling of electron-rich organo-tin or organo-boron with electron-deficient organohalide promotes
the synthesis of high molecular weight polymers. This is probably related to the fact that oxidative
addition is facilitated by electron-withdrawing groups. Similarly the transmetalation step could also be
facilitated by electron-rich organotin compounds.

Even if these polycondensations use the same catalysts, ligands and solvents, optimizing the
reaction conditions for each set of polymers is often necessary and it passes through a trial-and-error

process.

2.5.3.5 Direct arylation

A new alternative to standard cross-coupling reactions for the formation of sp’ C-C bonds is
the coupling of aryl halides with catalytically activated aryl C-H bonds [135], in presence of a base to
assist C-H bond activation and to neutralize the acid byproduct of the condensation (Scheme 2.6). This

reaction is called direct arylation and it is the combination of the same standard cross-coupling
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reaction with the oxidative-coupling of unsubstituted arenes [116]. Direct (hetero)arylation has been
widely applied to the coupling of a number of different arene and heteroarene systems [135].

The mechanism by which C-H activation occurs has been studied experimentally and
computationally, and possible mechanisms include electrophilic aromatic substitution, Heck-type
coupling and concerted metalation-deprotonation (CMD) [136]. For most heterocycles a base-assisted
CMD route is considered the most probable option. To further promote the CMD, carboxylate or
carbonate anions are often used to coordinate in situ the Palladium center and to assist in the

deprotonation transition state.

n H-R-H + n Br-R'-Br Pd(O). » JrR—R']L
base/acid n

R and R' = aryl;
Scheme 2.6 Schematic representation of polycondensation by direct arylation cross-coupling reaction.
Direct arylation has been applied to m-conjugated polymers only recently [137] and can
potentially give access to polymers previously inaccessible or difficult to prepare by traditional
methods. Poor C-H bond selectivity during polymerization and insoluble cross-linked material can

occur. A proper choice and design of monomers is necessary to achieve linear high molecular weight

polymers.
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3 Synthesis and Characterization of LBGs

3.1 II-Conjugated Silole-Based Polymers

Silacyclopentadienes [1] are pentatomic heterocycles that possess o*-n* conjugation arising
from the interaction between the o* orbital of the two exocyclic o-bonds on the silicon atom and the
n* orbital of the butadiene moiety [2][3]. The calculated LUMO level of a silole ring is lower than that
of the corresponding cyclopentadiene (Figure 3.1-a) and of other heterocyclopentadienes (Figure 3.1-
b), such as pyrrole, furan, and thiophene [2]. The unique aromaticity and the low-lying LUMO level
offer the siloles interesting optoelectronic properties. Siloles displayed in Figure 3.2 a-d, are the

typical building blocks to synthesize various silicon rt-conjugated polymers.
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Figure 3.1 (a) Relative energy levels of the HOMO and LUMO for silole and cyclopentadiene, based on the HF/6-31G* calculations; (b)
Relative HOMO and LUMO levels for silole and other hetero- cycles, based on HF/6-31G* calculations [2].

The optoelectronic properties of the simple silacyclopentadiene ring (Figure 3.2-a) can be
tuned thanks to the possibility of substituting up to 6 groups on the ring. 2,3,4,5-tetraarylsiloles are
usually characterized by a non co-planar geometry and they possess interesting optoelectronic
properties in the solid-state [4]. Dibenzosilole or 9-silafluorene (Figure 3.2-b) [5], dithienosilole or
silicon-bridged bithiophene (Figure 3.2-c) [6] and bis-silicon-bridged stilbene (Figure 3.2-d) [7], are
examples of silole containing heterocycles. The enlarged skeletons of the siloles are coplanar, showing

normal photoluminescence (PL) properties of typical organic emitters.
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Figure 3.2 Different molecules incorporating the silacyclopentadiene unit: (a) silacyclopentadiene; (b) dibenzosilole; (c)
dithienosilole; (d) bis-silicon-bridged-stilbene.

The incorporation of siloles in polymers is of interest and importance in chemistry and
materials science [8]. The first synthesis of Silicon-Containing Polymers (SCPs) was reported by Tamao
et al. in 1992 [9]. Since then, many research groups had investigated this class of polymers and many
types of SCPs, such as main chain-type m-conjugated, main chain-type o-conjugated, with silole
pendants, and hyperbranched or dendritic, have been synthesized [8]. These polymers find
applications in many fields of organic electronics such as Organic Field-Effect Transistor (OFETs),
fluorescent chemosensor, red-green-blue (RGB) lights, bulk-heterojunction (BHJ) solar cells, RGB and
white ElectroLuminescent (EL) devices.

In this paragraph the principal silicon main chain m-conjugated polymers will be introduced

and a particular attention will be dedicated to dithienosiloles copolymers.

3.1.1 Silacyclopentadiene-Based Polymers

Poly(2,5-silole)s are the simplest m-conjugated poly(silole)s. However, these polymers were
not so easily synthesized. The first successful synthesis was reported in 1999 and required the careful
choice of a well-designed 2,5-difunctionalized silole unit (Figure 3.3-a) [10]. Afterwards, research
interests moved to the synthesis of copolymers including this moiety. Silole—thiophene copolymers
were the first to be synthesized [9]. Alternating silole—bithiophene, silole-terthiophene, and silole—
guaterthiophene copolymers were prepared by Stille coupling reactions (Figure 3.3-b) [11] [12].
Reynolds and coworkers synthesized a silole-BEDOT (Figure 3.3-c) by electrochemical oxidative

polymerization [13], which showed a very narrow bandgap of 1.3-1.4 eV.
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Figure 3.3 Homopolymers (a) and copolymers (b-e) incorporating the silacyclopentadiene ring as unit.

Random and alternating copolymers derived from fluorene and 2,5-diphenylsilole were
prepared by Suzuki coupling reactions (Figure 3.3-d) [14], as possible materials for emitting
applications. Similarly, 3,6-carbazole-2,7-fluorene-silole random copolymers (Figure 3.3-e) were

synthesized by Suzuki coupling reactions [15].

3.1.2 Dibenzosilole-Based Polymers

In 2005, the phenyl end-capped poly(2,7-dibenzosilole) (Figure 3.4-a) was synthesized by
Suzuki polycondensation, with a high yield of 93% [16] and a M, of 31 000 g/mol. Its HOMO and
LUMO levels were -5.77 and -2.18 eV, respectively. It showed good photo- and electro-luminescence

properties with high yields and emission maxima at 425 nm and 431 nm, respectively.
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Figure 3.4 Homopolymers (a, b) and copolymers (c-e) containing the dibenzosilole unit.

Holmes and coworkers prepared a poly(3,6-dibenzosilole) (Figure 3.4-b) via a Suzuki coupling
reaction in a yield of 93% [17] and a M,, of 11 000 g/mol. The energy levels are a little lower than that
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of the analogous poly(2,7-dibenzosilole) at -5.65 eV and -2,15 eV against -5.77 eV and -2.18 eV,
respectively for the HOMO and LUMO of the two polymers. A fluorene-2,7-dibenzosilole alternating
copolymer (Figure 3.4-c) was prepared by the Suzuki coupling reaction with a yield of 94% [16] and M,
of 109000 g/mol. Its absorption and fluorescent properties were quite similar to those of poly(2,7-
dibenzosilole) (Figure 3.4-a).

Random copolymers of 2,7-dibenzosilole and 2,1,3-benzothiadiazole (Figure 3.4-d and -e) [18]
were synthesized with m=9. The copolymer (d) showed a green emission with Aem(PL) of 530nm while
for (e) Aem(PL) was 629 nm. This was due to the different efficiency of the intramolecular energy
transfer from dibenzosilole unit to benzothiadiazole (d) and dithienylbenzothiadiazole (e). Leclerc and
coworkers prepared the corresponding alternating copolymer of (e) (m=1) [19]. Its electrochemical
HOMO and LUMO levels were -5.7 and -3.81 eV respectively, giving an electrochemical bandgap of
1.89 eV that matched the optical bandgap. Application in a photovoltaic device gave a PCE of 1.6%.
Song et al. prepared the dioctyloxybenzothiadiazole derivatives of (d) [20]. Its HOMO and LUMO
levels moved to -5.44 and -3.51 eV, giving a band gap of 1.93 eV. Performances in a photovoltaic

device were dramatically improved, with a PCE up to 4.81%.

3.1.3 Dithienosilole-Based Polymers

The silicon atom bridging the two thiophene rings in dithienosiloles has a similar effect on the
electronic states of the bithiophene system, even if it is reduced when compared to the
silacyclopentadiene [21]. The LUMO level of the polymer is lowered thanks to the interaction
between the silicon o*-orbital and bithiophene t*-orbital. Furthermore the silicon bridge forces the
bithiophene ring to retain a syn configuration with respect to the alkyl units [22], increasing the
system planarity and facilitating the overlap of m-orbitals.

The first full-synthetic route to dithienosiloles has been reported by Ohshita et al. [21] and
then further optimized by Usta et al. (Scheme 3.1) [23]. The lithiation of 3,3’-dibromo-2,2’-
bithiophene and its cyclization with dialkylsilylchloride directly affords the dithienosilole. Reaction
with N-bromosuccinimide (NBS) gave the dibromodithienosilole, furtherly transformed in the
corresponding bis(trimethylstannyl) compound, an important silole monomer for Stille

polycondensations.
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Scheme 3.1 Synthetic route to the dithienosilole monomer [23]
Dithienosilole homopolymers have been obtained by anodic oxidation polymerization [6] and
by Stille polycondensation [24]. For the anodic oxidation polymerization the starting monomer is a
ditrimethylsilyldithienosilole (Scheme 3.2-a), while for the Stille polymerization both dibrominated-

and distannilated-dithienosilole monomers are necessary (Scheme 3.2-b).
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Scheme 3.2 Polymerization of leading to the dithienosilole homopolymer [6], [24].

The absorption spectra of the p-tolyl homopolymer showed different features according to
polymerization conditions, indicating different polymer structures, due to the low stability of the
trimethylsilyl group. The polymer displayed red-light photoemission with Aey at =660 nm. A single-
layer EL device also emitted a red light, with a low brightness even at a high voltage. The n-hexyl
homopolymer showed higher Mw due to the better solubility of the alkyl chains compared to the p-

tolyl groups. The copolymer showed poor photovoltaic performance, with a PCE up to only 0.05%.
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Scheme 3.3 Different synthetic routes to dithienosilole copolymers.

Dithienosilole had then been used as co-monomer for light-emitting, OFET and BHJ devices.

Ohshita et al. reported synthesis and properties of dithienosilole-thiophene alternating copolymer

(Table 3.1, P1-3) [25]. Usta et al. [26] prepared two dithienosilole—thiophene copolymers and

investigated their OFET characteristics; both showed high field-effect hole mobilities in air.

Table 3.1 Different copolymers including dithienosilole as repeating unit.

M
Polymer R; Comonomer R, e/ " ) D | Amax (nm) | Ref.
g/mo
1 p-Butylphenyl / 6900 14 546 [25]
2 P-Tolyl /@\ / 5100 1.6 555 [25]
S
3 CsH1s / 10000 1.9 521 [23]
4 p-Butylphenyl / 7500 1.7 532 [25]
S
5 P-Tolyl \ / \ / 6100 1.6 529 [25]
/ s
6 CsH1s / 14000 2.9 544 [23]
7 p-Butylphenyl 4@7 / 4000 1.3 482 [27]
8 p-Butylphenyl / 4300 1.3 450 [27]
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9 p-Butylphenyl & / 3100 1.3 460 [27]
—N
10 p-Butylphenyl : / 4500 14 583 [27]
N N
N/
R2 R3 [ m
11 CeHis OCuHy | H 1 | 26400 |28 | 597 | [28]
Rs N R Y R3
12 CoH1s LT o H | CuHis | 1 | 22400 | 24| 59 | [28]
N\\S’N m
13 | CH,CH(C,Hs)(CHo) H H 0 | 18000 |1.2| 680 | [29]
14 CeHis H H 1 | 29200 [52| 563 | [24]
15 Rz CsHiy 31000 | 1.6 | 610 | ([30]
O N0
16 CH,CH(C,Hs)(CaHo) CeHis 26000 | 1.6 / (30]
/\
17 s CaHo 25000 | 1.6 / [30]

Ohshita et al. [6] synthesized a series of polydithienosilole copolymers, using phenyl (P7),
diphenyl (P8), o-pyridine (P9) and quinoxaline (P10) units as co-monomers. Chu et al. [30] synthesized
a series of copolymers with thienopyrroldiones, investigating the effect of the Mw and of the side
chain on device performances. For P15 they were able to obtain a PCE ranging from 3.1% for the
shortest polymer (10000 g/mol) to 7.7% for the longest (31000 g/mol). P16 and P17 showed a
reduced PCE of 5.3% and 6.4% respectively.

Hou et al. [29] prepared a copolymer of dithienosilole with 2,1,3-benzodithiazole (P13) and
Liao et al. [24] with 4,7-dithienyl-2,1,3-benzothiadiazole (P14). The thiophene bridging unit moves the
absorption maxima from 680 nm to 563 nm and 593 nm in solution and film, respectively. The
copolymer showed Anax(abs) at 563 nm for solution and 593 nm for thin film. The electrochemical
HOMO and LUMO levels change from =5.05 and -3.27 eV to -5.13 and -3.23 eV respectively. P13 in
combination with PC7;:BM (1:1 w/w) gave photovoltaic devices with a PCE of 5.1% (optimized cell),
while P14 had a PCE only up to 0.18% (not-optimized cell). Helgesen et al. [28] synthesized and

reported the photovoltaic performance and stability of the derivatives of (P14), attaching side-chains
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on both the BT and thiophenes units. They synthesized P11 and P12, and characterized their
performances in devices in combination with PCg;BM, achieving a PCE of 1.99% and 1.26%.

Scharber et al. [31] thoroughly investigated the effect of the silicon substitution in the
cyclopentadiene ring, comparing P13 with the analogous carbon-cyclopentadithiophene (PCPDTBT).
They found that P13 forms a highly efficient nanomorphology when blended with PC;;BM, giving a
certified PCE of 5.2%. This was possible because P13 showed a higher crystallinity, improved charge
transport properties, reduced bimolecular recombination, and a reduced formation of charge transfer
complexes in the blend than the PCPDTBT. All these improvements can be correlated to the presence
of the Si atom, which introduces a small distortion of the cyclopentadithiophene unit. The longer Si-C
bond [32] modifies the geometry of the fused dithiophene unit which is enough to achieve a better
ordering of the polymer chains. In a successive investigation, Morana et al. [33] correlate this higher
crystallinity and subsequent morphology, characterized by the presence of small fullerene crystallites,
to the absence of charge transfer complex (CTC). These CTC are involved in a multi-step charge-
recombination process in PCPDTBT:fullerene blend, where polymer and fullerene are finely mixed. On
the other hand, in P13:Cg blend this recombination process is significantly quenched or rendered
inactive.

Also Chen et al. [22] studied the effect of the silicon atom substitution, obtaining even higher
PCE of 5.6% for P13 and 3.1% for PCPDTBT. They confirmed that this difference is not related to
different electronic structures, which are very similar. DFT calculation confirmed also that the C-Si
bond is significantly longer than the C-C bond, which has two effects. The first is that the syn
conformation of both thiadiazole units is preferred. The second is that the reduced steric hindrance
allows a high crystalline structure, as experimentally measured by Grazing Incidence X-ray Diffraction
(GIXRD). They studied also the effect of thermal annealing on the two polymers, seeing an
improvement in the devices performances for P13 and no effect on PCPDTBT. Similarly, they found
that the charge carrier mobility in TFTs based on P13 increased by a factor of five upon annealing. This
behavior confirms different self-assembly characteristics for the two polymers.

Helgesen et al. [34], compared the device performances of P11/P12 and the corresponding
PCPDT-DBT, with the same side-chains on the DBT units but different on the CPDT (2-ethylhexyl) and
DTS (n-hexyl) units. The best performance was obtained by the PCPDT-DBT polymer with a

tetradecyloxy substituent on the BT unit. Also the bridging atom in the dithiophene unit has a slight
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influence on the band gap, which is reduced for P11/P12, indicating a higher degree of n-
delocalization in the silicon-bridged polymers. Moreover, they investigated the photostability of these
polymers, measuring the amount of absorbed photons versus the ageing time. The results clearly
showed that the two CPDT polymers are by far the less stable, because the quaternary carbon site on
the cyclopentadithiophene ring can be easily oxidized. The substitution of the carbon with the silicon
resulted in a significant stability improvement by a factor 5.

Manceau et al. [28] reported an extended study in which they investigated the stability of
many common monomers used in LBG polymers. The samples were photooxidized under 1 sun
illumination in ambient air whilst monitoring the relative humidity but without having any control
upon it. To quantitatively compare all the different materials, they used the total amount of absorbed
photons versus the ageing time, over all the polymer absorption spectra. The dithienosilole resulted
as one of the more stable units between the donors (Figure 3.5), with respect to photooxidation, in
combination with many different acceptor units, such as: dithienylthienopyrazine derivatives,

dithienylbenzothiadiazole derivatives, thienothiophene derivatives and benzothiadiazole.
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Figure 3.5 Stability of common donor units employed in LBG polymers [28].

Recently Fraga Dominguez et al. [35] explored the degradation mechanisms of P13 under
photooxidative conditions. In order to monitor the evolution of the thin film, they combined a wide
range of analytical techniques such as UV-vis and IR spectroscopies, atomic force microscopy (AFM),
and profilometry. Gas phases were monitored too [headspace solid-phase microextraction (HS- SPME)
coupled with gas chromatography/mass spectrometry (GC-MS)] to check the presence of any low

molecular weight byproducts released during degradation. Also molecular modeling was used to gain
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a better understanding of the degradation mechanism. The results showed a complicated picture, in
which the polymer side-chains started to degrade at the beginning of the irradiation, through the
formation of chain oxidation products, cross-linking reactions, and releasing low molecular weight
oxidation products. The loss of these low Mw products resulted in a significant modification of the
surface topography. The photodegradation of the polymer backbone mainly involved the oxidation of
the sulfur units of the bithiophene, even if oxidation of the N and Si atoms was also identified.
Nonetheless, the degradation rate of P13 was confirmed to be slower than for other common p-type
polymers, such as P3HT and PCDTBT. In order to explain this, the stability of the macroradicals
created upon hydrogen abstraction in the alkyl chain of both P13 and PCPDTBT was explored by DFT.
Calculation revealed a higher delocalization, thus improved stability, in the case of PCPDTBT than P13,
resulting in a reduced stability of the former.

For its improved stability and superior electronic properties dithienosilole has been chosen as

donor monomer for the two series of polymers presented in the next sube-section.

3.2 Side-chain effect

As briefly stated in the general introduction, the side-substituents on m-conjugated polymers
have a dual effect of tuning the electronic levels and increasing their solubility which leads to easy
processability. The importance of side-chains has been underestimated for a long time, while research
was focused on the m-conjugated backbone. Recently research has moved to the investigation of the
influence of the side-chains on electronic properties [36], polymer and blend nanomorphology [37]
[38], stability [34] and processability [39].

Similar studies have been conducted on polymers made with 2,1,3-benzothiadiazole,
thiophene, and thieno-[3,2-b]thiophene [40], thieno[3,4-b]thiophene benzo[1,2-b:4,5-b’]dithiophene
[41], thieno[3,4-c]pyrrole-4,6-dione  and dithiophene [42], diketopyrrolopyrrole and
dialkoxylphenylenevinylene [43], dithienosilole and thieno[3,4-c]pyrrole-4,6-dione [30], di-2-thienyl-
2,1,3-benzothiadiazole and fluorene [44], dithienosilole and thiazolothiazole [45], benzo[1,2-b:4,5-
b’']dithiophene and bithiazole [46], 2,7-carbazole and quinoxaline [47], di-2-thienyl-2,1,3-
benzothiadiazole and benzo[1,2-b:4,5-b’]dithiophene [48]. Yang et al. [49] conducted an investigation
by systematically varying the side-chain on a naphtho[2,1-b:3,4-b']dithiophene (NDT) and 4,7-
di(thiophen-2-yl)benzothiadiazole (DTBT) donor-acceptor polymer. The different side-chains
significantly impacted the photovoltaic characteristics of the corresponding devices. Yang et al. were
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able to establish a quantitative relationship between side-chains and photovoltaic properties; long
and branched side-chains weaken the rt-it intermolecular interaction, reducing the J whilst improving
the V,.. On the other hand, short and straight side-chains would promote the -1t interaction, which
increased the Jc but reduced the V,.. However, Js is also affected by the film morphology of the blend
and by the density of the conjugated backbone, which is strongly dependent on the length of the alkyl
side-chain. Rumer et al. [42] and Zhang et al. [43] investigated the effect and the position of
branching versus linear chains. They found that both the length and the branching of a side-chain are
factors to be considered. It is the overall steric induced effect to be responsible for changes in the
properties of a polymer series. The use of a C1-branched side-chain promoted crystallinity and solid-
state packing.

In their review, Mei and Bao [50] collected and analyzed the effects of side-chains on many
parameters. Electron-donating side-chains, such as alkoxy-, alkylthio-, alkylamino-, etc. can donate
some electron density to the conjugated polymer backbones which raises the HOMO energy levels of
the polymer. In a similar way electron-withdrawing side-chains, such as acetyl-, ester-, amide-, etc.
are capable of pulling electron density from the m-conjugated backbones, therefore lowering the
energy levels. Moreover, these side-chains can improve the planarity of the backbone through
intramolecular interactions. On the other hand, the side-chains can have a negative impact promoting
a twisting of the backbone, that reduces the m-m interactions along the conjugated chain. Aromatic
side-chains are also very attractive because they usually affect both HOMO and LUMO levels,
extending the conjugation of the polymer and broadening the absorption spectra in the visible region.
They can also improve the hole mobility through the strengthening of intermolecular polymer-
polymer interactions. As drawbacks, aromatic units may cause backbone twisting and steric hindrance
and cause repulsion between polymer and PCs;BM.

The Krebs group [37] [51] investigated thermocleavable ester side-chains, which have the
advantage to enable preparing polymer solar cells via solution processing and then to remove the
solubilizing side-chains after the active layer has been deposited. Moreover, removing the side-chains
increases chromophore density and the more rigid system prevents polymer/fullerene phase
segregation and provides stabilization of the nanomorphology.

Another way to stabilize the blend morphology is to use end-functionalized side-chains, in

which the end group can modify the interaction between the polymer and PCs;BM. An example of
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this strategy was given by Park et al. [52], that investigated the effect of a o-dichlorobenzyl (DCBZ)
group on a benzodithiophene-thienothiophene polymer. The DCBZ increased the polymer/PC;,;BM
compatibility and this stronger interaction between induced a change in the PC;;BM molecular
geometry and electronic structure. This led to the increase of the PC7;BM LUMO level and thereby an
enhanced V,.. The introduction of monomers with fullerene-compatible functional groups can be an
effective way for tuning the photovoltaic characteristic of BHJ devices by controlling the
nanomorphology and the electronic structure of acceptors in the donor/acceptor blend.

The effect of the molecular arrangement at the donor:fullerene interfaces on the performance
of OPV materials, has been recently reviewed by Graham et al. [38]. Higher-performing donor-
acceptor polymers generally have acceptor units that are sterically accessible for interactions with the
fullerene derivative, whereas the corresponding donor units tend to have branched alkyl substituents
that sterically limit interactions with the fullerene. The observation of this trend can help to further
rationalize the past work and guide future design of materials. Nonetheless further theoretical and
experimental studies are required, including determination of which intermolecular interaction leads
to a favorable energy environment, the effects on charge separation, etc.

Manceau et al. [34] investigated the influence of the nature of side-chains on the stability of
the polymers under photoxidative conditions. They studied different alternating polymers based on
cyclopentadithiophene-dithienobenzothiadiazole units, varying the substituent (unsubstituted, esther
or ether side-chain). The resulting stability trend was: -CO,R < -OR < -H. The unsubstituted BTD
demonstrated the highest stability among the three samples, but surprisingly the difference with the
others was remarkably small. In another study, Manceau et al. [53] investigated the photochemical
stability of thermo-cleavable polymers. They found that the side-chain cleavage led to an
improvement of the material stability. These findings confirmed that side-chains play a key role in the
degradation of m-conjugated polymers.

Morse et al. [54] recently investigated a series of low band-gap polymers based on units,
bearing different side-chains. The physical properties of the polymers were similar in absorption,
mobility, energy levels, and molecular weights. Photodegradation of encapsulated inverted devices
exposed to AM1.5 solar irradiation at 50 °C was monitored by UV-vis and FTIR spectroscopies for over
110 hours. Degradation occurred at different rates, confirming the key role of the polymer chemical

structure itself. Moreover, they have been able to link the PCE loss with the evolution of the active
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layer morphology and the PCs;BM dimerization, monitored through AFM, XRD, and UV-Vis analysis of
the blend films. Also, they had been able to correlate the stability to the polymer:PCs;BM ratio,
reducing PCg;BM amount in the blend improved the device stability, suggesting that the device
degradation and PCs;BM migration is diffusion limited in these films. Amongst the polymer series they
had shown that an even distribution of side-chains, preferably linear alkyl, promoted device stability
by reducing PCg;:BM diffusion rates, while alkoxy and thienyl-ethylhexyl side-chains increase the
PCs;:BM diffusion rates, reducing the overall stability.

The effect of side-groups was studied and is discussed in the following sub-sections. To study
the effect of different alkyl chains, DPP was chosen as co-monomer for its facile functionalization, its
well-known stability as dye and its electronic properties. Dithienopyrazine was chosen as co-
monomer to study the effect of two different aromatic substituents (thiophene and

ethylenedioxybenzene) on the properties of the polymers.

3.3 Synthesis and characterization of LBGs based on DTS and DPP units
In this sub-section the synthesis and chemical characterization of low band gap copolymers
based on dithienosilole (DTS) and diketopyrrolopyrrole (DPP) are described. A literature review have

been used as introduction to explain and justify the choice of these monomers units.

3.3.1 Introduction

Diketopyrrolo[3,4-c]pyrrole (DPP) and its derivatives represent a key structural unit in an
important class of yellow to red pigments with deep color, which are commercialized since the 1980s
[55]. Many DPP derivatives have since been synthesized, with colours ranging from orange to red to
purple. Many DPP derivatives exhibit a high photostability in the solid-state, weather fastness, deep
colour, luminescence with large Stokes-shift enabling technical applications in coloring of fibers,
plastics and surface coatings [56][57]. In the last 20 years, a growing number of researchers in organic
electronics focused their attention on DPPs since its monomers and DPP-containing polymers exhibit

interesting light-emitting and photovoltaic properties [58][59].
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Scheme 3.4 First DPP synthetic route [60]

3,6-Diphenyl-substituted DPP was first reported by Farnum et al. in 1974 (Scheme 3.4) [60]
with a really low yield, ranging from between 5-20%. In 1983, Igbal, Cassar and Rochat reported an
elegant and effective synthetic pathway for DPP derivatives (Scheme 3.5) [61]. In this route DPP
derivatives can be obtained in high yields, by a one-step reaction of aromatic nitriles with succinic acid
diester derivatives.
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Scheme 3.5 Second DPP synthetic route through succinic acid diester [61]

Importantly, the presence of two electron-withdrawing amide functional groups causes the
DPP to have a high electron affinity, making it a good acceptor for donor-acceptor (D—A) organic 7-
conjugated materials [62] [63]. In the solid-state, the formation of hydrogen bonds between lactam
units of different DPP molecules causes the formation of a physically cross-linked chain structures,
which is at the origin of its poor solubility [64]. Short distances between the chromophore planes and
phenyl ring planes enable m-m-interactions via molecular orbital overlapping and exciton coupling
effects [64][65], whilst electronic interactions and strong intermolecular forces lead to a high thermal
stability of up to 500 °C. The DPP core is commonly substituted in the 3 and 6 positions with phenyl
[66] or thienyl [67] substituents, but also furan [68] and selenophene [69] substituted DPP have been

reported. The smaller, 5-membered heterocyclic rings reduce the dihedral angles between the DPP
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core and the pendant substituent, improving the planarity of the molecular backbone, thus increasing
n-delocalization and intermolecular m-mt interactions. Moreover, thiophene is a stronger electron
donor than phenyl, enhancing intramolecular charge transfer transitions. These effects result in
dithienyl based materials typically exhibiting smaller bandgaps and greater charge transport

properties than the corresponding diphenyl derivatives [70][71].

For the preparation of m-conjugated DPP-based polymers, palladium-catalyzed
polycondensation reactions such as Suzuki [72], Stille [73] and Heck [74] coupling are especially
useful, but electrochemical polymerization [75] has been also reported. To make DPPs suitable for
polymerization, it is necessary to prevent the hydrogen-bond formation and to enhance the solubility
of DPP compounds. A possible strategy is the functionalization of the amide-nitrogen atom by N-
alkylation [76], N-arylation [77] or N-acylation [78]. While the N-alkylation proceeds directly in good
yield, the introduction of aryl units in most cases involves a specific synthetic route, requiring the
synthesis of the corresponding diketofurofuran compound that is subsequently converted into the N-
aryl-lactam by reaction with an arylamine [77]. Common polymerizable groups, such as halogen
atoms (Br and 1), hydroxyl or aldehyde, have to be attached either to the DPP’s lateral aryl units in
position 3 and 6 [79], or to the lactam substituent groups [80]. For the preparation of brominated
diphenyl-DPPs, it is necessary to start from bromobenzonitrile and a succinic acid ester and to prepare
first the dibromophenyl-DPP pigment, which is subsequently N-alkylated to yield the soluble dibromo-
dialkyl derivative. When the aryl unit is thiophene, direct bromination with N-bromosuccinimide is

possible [81].

Figure 3.6 First synthesized DPP-based polymers in 1993 [79].

The first DPP-based polymer was reported by Yu et al. in 1993 (Figure 3.6) [79], block
copolymers containing phenylene, thienylene and N-alkyl substituted diphenyl DPP units in the main

chain were synthesized by Stille coupling. In 1997, Eldin and coworkers described DPP-containing
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polymers obtained by radical polymerization of bis-acryloyl DPP derivatives [80]. The first synthesis of
conjugated DPP-polymers and copolymers via Suzuki coupling was reported by Tieke and Beyerlein in
2000 [82]. While in 2002, the same group studied for the first time the electroluminescent (EL)
properties of a DPP-containing m-conjugated polymer [83]. In Figure 3.7-a collection from the

literature of low bandgap polymers that include diphenyl-DPP as building-block is reported.

Ra N\ R,
Ol Y 4 s
S S /U\ S /
R, S

Figure 3.7 Typical comonomers employed in the synthesis of diphenyl-DPPs LBG polymers. R; and R, represent alkyl chains.

The replacement of the phenyl groups in the 3,6-diphenyl-DPP derivatives by a thiophene
group resulted in 3,6-(2-thiophenyl)-substituted DPP derivatives. The absorption maxima of these
thieno-DPPs is at about 550 nm, red-shifted by around 50 nm as compared to the corresponding
phenyl-DPPs. M-conjugated polymers containing dithieno-DPP in the main-chain exhibit absorption
maxima between 600 and 900 nm. Due to their small band gaps and high charge carrier mobilities,
these polymers are interesting for applications in field-effect transistors (OFETs) and organic
photovoltaic cells [84]-[86], and in particular they have found application in tandem solar cells [87].

Encouraged by the good performance of dithieno-DPP-based solar cells, further polymers
were recently synthesized (Figure 3.8) and their chemical (Table 3.2) and electronic and photovoltaic
properties investigated (Table 3.3). Among these were alternating copolymers containing dithieno-

DPP and carbazole [86], [88], [89], fluorene [88]-[91], dibenzosilole [87], dithienosilole [88],
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benzo[1,2-b;3,4-b]dithiophene [91], dithieno[3,2-b;2",3"-d]pyrrole [89], [92] and cyclopenta[2,1-b;3,4-

b’]-dithiophene [91] as comonomer units.

X=C, Ge

Figure 3.8 Typical comonomers employed in the synthesis of dithieno-DPPs LBG polymers. R, and R, represent alkyl chains.

Table 3.2 Chemical structure and properties of dithieno-DPPs conjugated D-A polymers.

Mw
Polymer R; Ar R, Ref
(g/mol)
1 -CeH12C10H21 /@\ / 54 [67]
2 R, H, -C12Hys / [93]
s
3 “CeH12CoHs D—O\ “CioHas 67 [93]
4 Re -2-Th-5-CeH1,CoHs / [94]
5 -CgH15C10H21 f o H / [95]
2
6 M -4-C;HsCgH16 / [95]
-CeH12CoHs S R,
7 -CeH12 / [96]
8 -CgH16C4H9 RZ\X'RZ -CgH17 68 [91]
7\ X=C
9 -C5H12C2H5 S S 'C8H17 12 [91]
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10 -C6H12C2H5 X =Si -C6H12C2H5 31 [90]
11 -CgH1,CoHs e -CH(CsH12C2Hs), 15 [89]
-\ /N
12 -C4Hg /@‘Q -CH(CgH12C,Hs), 19 [92]
Ry S R,
13 -CeH12CoHs I\ \ -CioH21 / [97]
S S
14 -CeH12C10H21 4@* / / [98]
15 -CgH16C1oH>s / / [99]
16 -CeH1,CoHs 15 [89]
-CeH12CoHs
17 -CgH17 19 [90]
X=C
18 -CeH1C10Ha1 -CsHyr 62 | [91]
19 -C4H9C3H17 RZ/X\RZ 'C8H17 31 [91]
20 -C4Hqg / [100]
-C8H17 X =Ge

21 -CgH17 / [100]
(88]

22 -C3H17 -CH(C3H17)2 30
1o

N
23 -CioH21 R, -CH(C1oH21)2 / (102]
24 -CgH12C3Hs -CH(C1oH31)2 91 [89]
25 -CgH1,CoHs Re R -CgH1,CoHs 48 [90]
26 -CgH16C10H21 /EQJ\ -CsH12CoHs / [103]
27 -CgH12C3Hs -OCgH17 20 [90]
28 -CgH13 Rz -OCgH13 19 [84]
S

29 CaHyy ﬁéﬁ% CoH1aCroHan /| [104]
30 -C4HgCgH17 Re -C4HsCsH17 / [104]
31 -(C3H4)2CHCsH11CgHy7 -CgH1y / (104]
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Table 3.3 Electronic and photovoltaic properties of dithieno-DPPs conjugated D-A polymers.

Polymer | Amax (nm) | E°” (eV) | HOMO (eV) | LUMO (eV) | E;*' (eV) | PCE (%) Ref
1 / / -5.17 -3.61 1.50 4.90 [67]
2 / / / / / 4.00 [93]
3 810 / / / 1.40 3.20 [93]
4 / 1.55 -5.17 -3.62 1.55 1.67 [94]
5 / 1.31 -5.33 -3.84 1.49 1.20 [95]
6 / 1.33 -5.31 -3.92 1.39 2.30 [95]
7 / 1.33 -5.24 -3.50 1.74 1.90 [96]
8 778 1.35 -4.75 -3.30 1.45 0.90 [91]
9 773 1.31 -4.95 -3.31 1.49 1.70 [91]
10 798 1.29 -5.04 -3.47 1.57 2.10 [90]
11 852 1.13 -5.02 -3.64 1.17 1.12 [89]
12 770 1.13 -4.90 -3.63 1.27 2.71 [92]
13 / 1.51 -5.24 -3.74 1.50 0.29 [97]
14 / 1.53 -5.35 -3.53 1.82 5.50 [98]
15 / 1.50 -5.29 -3.30 1.99 4.70 [99]
16 653 1.75 -5.42 -3.64 1.78 0.88 [89]
17 649 1.31 -5.23 -3.60 1.63 0.78 [90]
18 663 1.74 -5.04 -3.25 1.79 0.60 [91]
19 657 / / / 1.79 0.60 [91]
20 / 1.63 -5.38 -3.70 1.68 1.5 [100]
21 / 1.64 -5.38 -3.64 1.74 1.2 [100]
22 642 1.57 -5.44 -3.92 1.52 1.60 | [88][101]
23 / / -5.40 -3.90 1.50 3.80 [102]
24 658 1.63 -5.35 -3.62 1.59 2.26 [89]
25 727 1.34 -5.21 -3.63 1.58 4.45 [90]
26 / 1.29 -5.21 -3.60 1.61 0.43 [103]
27 750 1.31 -5.16 -3.51 1.65 2.53 [90]

81




3 Synthesis and Characterization of LBGs

28 638 1.43 -5.15 -3.69 1.46 2.93 [84]
29 / 1.45 -5.15 -3.28 1.87 2.30 [104]
30 / 151 -5.14 -3.34 1.80 4.10 [104]
31 / 1.36 -5.10 -3.31 1.79 1.40 [104]

3.3.2 Synthesis of monomers

The dithieno-DPP monomers M2 and M3 have been synthesized according to the synthetic
route represented in Scheme 3.6 and based on the procedure developed by Igbal, Cassar and Rochat
in 1983 [61]. The dithieno-DPP (Scheme 3.6-1) can be prepared in high yield in a single step by

reacting 2-thiophene-carbonitryle with di-isopropylsuccinate [105].

CnHan+1
/ CpHaon+
° N S O, N’n 2n31 Br
8 CnHonsr-B 7\ s
MCN 4 nizn+1-Br Vi NB! Y/ \ |
0 KoCOs i N6 B i
32 +1C/ g’ S ’71 0
n n
H2+1Ch
1) (2) M-2
M-3
M-4

Scheme 3.6 Synthetic route to DPP monomers.

To improve the solubility of the dithieno-DPP, the lactam units need to be N-functionalized to
prevent the formation of hydrogen bonding between different DPP units. In this work, the dithieno-
DPPs have been N-alkylated (Scheme 3.6-2) using the corresponding bromo-alkanes in presence of
K,CO3 and 18-crown-6 [105]. To employ these molecules as building blocks for m-conjugated
polymers, it is necessary to introduce suitable polymerizable groups on the thiophene units. The
dithieno-DPPs have been functionalized with bromine atoms by free-radical substitution, using N-
bromosuccinimide (NBS) as brominating agent. NBS has been preferred to the direct utilization of a
Bry/HBr mixture. In fact it is very important to keep Br, and HBr concentrations low, in order to
prevent multiple bromination or other side reactions. Moreover, using NBS allows having a low but
constant concentration of these reagents, which are generated in situ. CCl4 was the solvent of choice
because NBS is poorly soluble and the resulting succinimide is insoluble and thus form a suspension.

The detailed experimental procedures and chemical characterization are reported in Annex 1.
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3.3.3 Polymer synthesis

The polymers have been synthesized by Stille polycondensation, reacting the dibrominated
dithieno-DPPs monomers (Scheme 3.7, M-2, M-3 and M-4) with 4,4'-Bis(2-ethylhexyl)-5,5'-
bis(trimethyltin)-dithieno[3,2-b:2,3-d]silole (Scheme 3.7, M-1). The monomers M-1 to 4 were
polymerized according to the synthetic pathway in Scheme 3.7 to obtain the corresponding polymers

PSBDPP_C12, PSBDPP_C16 and PSBDPP_C10C6.

Si

AW
S S SnMe;
,CHQCH(CGH13)<08H17/ M-1 \
N

/
CieHss

§//J —_—
Me3Sn

PSBDPP_C16

/CHZCH(C6H13)(C8H17)

HexEt\
Si EtHex

Scheme 3.7 Stille polycondensation of DPP series.

The polymerization was conducted in anhydrous chlorobenzene with Pd(0) as catalyst at 150°C
for few hours. The Pd(0) was generated in situ from bis(dibenzylideneacetone)-palladium(0)
[Pdy(dba)s] and tris(2-methylphenyl)phosphine [(o-Tolyl)sP] as ligand [106]. This catalyst-ligand couple
has been chosen according to the higher air stability of the Pd,(dba)s; and to the increased steric bulk
of the (o-tolyl)sP which leads to faster coupling. Moreover the ligand in excess does not affect the
Stille coupling as it happens in the case of tri-phenylphosphine (PPhs).

The detailed experimental procedures and chemical characterization are reported in Annex 1.

3.3.4 Molecular weight and dispersity

Gel permeation chromatrography (GPC) was performed with an Agilent Technologies 1260
infinity eluted at ImL/min with HPLC grade chlorobenzene (Aldrich) at 50°C through a PLgel 10 um
Mixed-B (300x7.5 mm) GPC column. The polymers were analyzed with a refractive index detector
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calibrated with narrow polystyrene standards. Samples were dissolved in HPLC grade chlorobenzene
at a concentration of 1-4 mg/mL and filtered before injection. The measurement and the calculation
of molecular weights (M, M,, and M) and dispersities (My/M,) have been performed by Dr. Graham
Morse at Merck Chemicals Ltd in the framework of ESTABLIS project.

Most of the m-conjugated polymers can be considered as rigid rods. Such macromolecules
have a larger hydrodynamic volume than flexible ones. This means that the GPC molar mass of a rod
polymer is always overestimated [107], since its hydrodynamic volume is higher than the flexible
polystyrene (PS) or polymethylmethacrylate (PMMA) used to calibrate the machine.

Further complications may arise from the tendency to form aggregates, typical of rodlike
polymers. Thus, it requires additional attention in considering if the elution curves really refer to
molecularly dissolved polymer.

Some studies assessed the relation between GPC and other techniques, such as Matrix-
Assisted Laser Desorption/lonization-Time of Flight Mass Spectroscopy (MALDI-TOF MS), Static Light-
Scattering (SLS) and Membrane Osmometry (MO). In particular Kholer et al. [108] studied the relation
between the absolute molecular weight (measured by STS, MO and GPC using Universal Calibration)
to the relative GPC value for a poly(p-phenylene) (PPP) derivative. A quantification of this difference
reveals that PS-GPC overestimates the real molecular weight of PPP by a factor of =2. With the same
aim, McCulloch et al. [109] investigated the correlation between GPC and MALDI-TOF MS for different
poly(3-alkylthiophenes) (P3ATs) with narrow dispersity. They found that GPC overestimates the
absolute molecular weight measured by MALDI-TOF MS by a factor of 1.2-2.3, depending on the
absolute molecular weight.

Although substituents certainly have an effect on the stiffness and thereby on the
hydrodynamic volume of a polymer chain, it is reasonable to assume that this effect will normally be
small. It is therefore possible to make a comparison in between the series of polymers with the same
n-conjugated backbone with a similar side substituent.

The GPC data showed that the side-chain on the dithieno-DPP unit has a strong influence on
the molecular weight of the polymer. From Figure 3.9 and Table 3.4 it is possible to see that the
corresponding fractions obtained from Soxhlet extraction using the same solvent have a different M,.
In particular, the fractions of polymers soluble in cyclohexane show that PSBDPP_C16 has a M,, of 2.5
times the PSBDPP_C12 and PSBDPP_C10C6 even 6 times higher. The high solubility of these polymers
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makes it harder to separate the different Mw. From the GPC traces in Figure 3.9 is possible to see that

every sample, excluding PSBDPP_C12 in chlorobenzene, shows a second peak corresponding to lower

masses. This leads to the high dispersity (b = MW/M ) of the samples.
n

Longer linear side-chains have shown to significantly improve the polymer solubility.

Moreover, branched alkyl side-chains with the same number of carbon atoms have demonstrated to

dramatically enhance the polymer solubility.
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Figure 3.9 GPC curves of DPP series for different fractions after Soxhlet.
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Table 3.4 M,,, M,, and dispersity of DPP series.

M M
Pol Fracti " W b
olymer raction (kg/mol) | (ke/mol)
Cyclohexane 6.3 16.6 2.7
PSBDPP_C12 Toluene 19.1 100 5.2
Chlorobenzene 69.6 243 3.5
Cyclohexane 16.5 45.5 2.8
PSBDPP_C16
Toluene 21.9 76.9 3.5
PSBDPP_C10C6 Cyclohexane 315 1253 4.0
3.3.5 Optical properties
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Figure 3.10 Absorption spectra in o-xylene solution and thin films of DPP series.

Figure 3.10 shows the UV-visible absorption spectra of PSBDPP_C12, PSBDPP_C10C6 and
PSBDPP_C16 in o-xylene solution and in thin film. In this section will be presented the
characterization of an additional polymer, PSBDPP_C8C4, independently synthesized by Dr. Graham
Morse at Merck Chemicals Ltd in the framework of the ESTABLIS project. Electronic absorption data
including the absorption peak wavelength (Ama), the absorption edge wavelength (Aegge), and the

°PY) are collected in Table 3.5.

optical band gap (Eg

All the samples show a broad absorption band in solution covering a range from 350 to 1000
nm. The peak between 400 and 500 nm corresponds to a m-it* transition, while the main peak, which
corresponds to intramolecular charge transfer (ICT) from the donor to the acceptor moieties

[84][110], shows a different feature according to the linear or branched side-chain. In the case of
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linear side-chain the peak is Gaussian while, for branched chain, a shoulder at higher energy is visible.

This feature has been associated to a torsion of the backbone due to the side-chain [81] [111].

Table 3.5 Optical properties of PSBDPP_C12, PSBDPP_C16, PSBDPP_C8C4 and PSBDPP_C10C6.

Solution® Film®
Polymer o -
}\'max (nm) )"max (nm) }\'edge (nm) Eg (eV)
PSBDPP_C12 786 763 1005 1.2
PSBDPP_C16 782 763 991 1.2
PSBDPP_C8C4 789 792 1016 1.2
PSBDPP_C10C6 790 797 1005 1.2

a) Measured in o-xylene solution; b) Doctor bladed on glass from o-xylene solution; c) Bandgap calculated from the

absorption edge wavelength of the optical absorption spectra

Thin films show a broader absorption spectra with the same feature visible in the solution’s
spectra. For PSBDPP_C8C4 and PSBDPP_C10C6, with branched side-chain, a bathochromic shift of the
absorption peak is visible, while for PSBDPP_C12 and PSBDPP_C16, that bear linear side-chains, a
stronger hypsochromic shift is present. This suggest a different aggregation of the polymers related to
the different hindrance of the side-chains [112], [113].

To have a better understanding of the electronic structure of the polymers,
photoluminescence (PL) emission spectra have been recorded (Figure 3.11). The samples were
prepared by doctor-blade technique in air of polymer solutions in o-xylene on glass slides. The
absorption spectra were recorded and the slides transferred in the glove box, to reduce at the
minimum the oxidation of the samples. The samples were then encapsulated inside the glove box
with a ring encapsulation, in which the adhesive is only at the border of the plates and does not get in
touch with the measured area. The PL measurements were conducted at the Materials for Electronics
and Energy Technology laboratory (I-MEET) at the Friedrich-Alexander-Universitat Erlangen-Nirnberg,
directed by Prof C. J. Brabec with the support of Dr H-J Egelhaaf, Dr M. Salvador, Dr A. Osvet in
collaboration with Dr S. A. Dowland (ER2 at Belectric OPV GmbH).
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Figure 3.11 Absorption and emission spectra of thin films of DPP's series polymers. The samples were encapsulated in glass and
excitation wavelength was 796 nm.

The PL curves shows again a different behavior related to the side-chains, for PSBDPP_C12 and
PSBDPP_C16 the emission is at lower energy than that of PSBDPP_C8C4 and PSBDPP_C10C6, while
their shape does not show any particular feature. The features at 850 and 1100 nm are due to the

interference of the glass slides.

3.3.6 Electrochemical properties
Cyclic voltammetry was performed using a Princeton Applied Research VersaSTAT 4
potentiostat. Films of the polymers were cast from a concentrated chloroform solution onto a
platinum wire working electrode. These solid films were measured in an anhydrous acetonitrile
solution containing 0.1 M tetrabutyl ammonium tetrafluoroborate electrolyte with a platinum wire
counter electrode and 0.1 M Ag/AgNOs in acetonitrile reference electrode. The solutions were purged
with N, gas prior to use. The samples were referenced to an external ferrocene solution which was
also used to calculate the LUMO position [114]:
Erumo = _(Eonset, reduction T 5-1) eV (3.1)
The cyclic voltammetry measurements and HOMO/LUMO calculations were performed by Dr

Graham Morse at Merck Chemicals Ltd in the framework of the ESTABLIS project.
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Figure 3.12 Cyclovoltammograms of PSBDPP_C12 (a), PSBDPP_C16 (b) and PSBDPP_C10C6 (c).

The cyclovoltammograms are presented in Figure 3.12. According to equation ( 3.1 ), the
HOMO level of the copolymer was -5.28 eV for PSBDPP_C12, -5.31 eV for PSBDPP_C16 and -5.41 eV
for PSBDPP_C10C6, while the corresponding LUMO is -3.9 eV for all of them (Table 3.6). The small
difference in the HOMO levels can be due to different effects: different side-chain or different MW. In
fact both the PSBDPP_C12 and PSBDPP_C16 analyzed have a linear side-chain and similar MW (19.1
and 21.9 kg/mol, respectively), while the PSBDPP_C10C6 has branched side-chain and higher MW
(31.5 Kg/mol). The approximate E;°*" is =1.2 eV (E,""'=1240/Acqqe), lower than the electronic bandgap
calculated from the CV. This is often observed and it is due to the exciton binding energy, which
require additional energy (coulomb energy) to unbind hole and electron.

The PSBDPPs polymers have LUMO and HOMO levels and band gap similar to those of other
DPP based low bandgap copolymers [88], [95], [102], [115].
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Table 3.6 Electronic characteristics of the PSBDPP series. For comparison, also PSBDPP_C8C4, synthesized by Dr Graham Morse.

Polymer Evomo (eV) | Ewwmo (eV) | E¢° (eV) | E. > (eV)
PSBDPP_C12 -5.3 -3.9 1.4 1.2
PSBDPP_C16 5.3 -3.9 1.4 1.2
PSBDPP_C8C4 5.2 -3.8 1.4 1.2

PSBDPP_C10C6 -5.4 -3.9 1.5 1.2

3.3.7 Thermal properties

Thermogravimetric Analysis (TGA) has been conducted to investigate the thermal stability of
the polymers and in particular to compare the stability of the different side-chains. The analyzes have
been done under inert atmosphere (N,), with a ramp of 10°C/min from 40 to 590°C.

From Figure 3.13 we can see that for all the PSBDPPs, the thermal degradation occurs in one
step between 380 and 500°C for the two polymers with linear side-chains, while for the branched one
the degradation ends at 520°C. The weight loss experimentally obtained corresponds to the
theoretical value (equation ( 3.2 )) calculated in the hypothesis that all the alkyl chains are removed:

MWMonomer - MWBackbone .

WLipeo (%) = 100 (3.2)

MWMonomer

where MWpionomer is the Mw of the repeating unit, while MWgackpone is the Mw of the repeating unit
without any alkyl chain. The results are reported in Table 3.7.

The difference between experimental and calculated values could be due to the presence of
low Mw polymers (Figure 3.9). These short chains can degrade completely or still bear the

polymerizable groups, which readily decompose via a chain-end unzipping reaction.
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Figure 3.13 Thermogravimetric curves (black) and first derivatives (red) of PSBDPP series.

Table 3.7 Thermal stability of PSBDPP series.

5% Weight
Sample WLexp (%) WLTheo(%)
loss (°C)
PSBDPP_C12 415 59.0 53.6
PSBDPP_C16 425 62.3 58.1
PSBDPP_C10C6 425 65.5 58.1

The Differential Scanning Calorimetry (DSC) analysis have been performed with a TA-Q100,
using different temperature ramp of 2, 10 and 25°C/min, in order to have a better understanding of
the phase transitions of the polymers. The output signal of this analysis is the relative heat flow, the
absolute value is not relevant, only its variation. The heat flow is calculated according to equation (

3.3):

dH T
—  =C. —+ (T 3.3
T: Cp dt+ (T,v) (3.3)
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where

the heating flow, that is a function of time at a given temperature. The important factors to keep into
account are the sample size, the purge gas, heating rate and the sample thermal history. Increasing
the sample mass will increase the sensitivity decreasing its resolution. Similarly, a faster heating rate
increases sensitivity which decreases the resolution. The purge gas provides a dry and inert
atmosphere and ensures an even heating and helps to eliminate any gas might have been released.

Here all the three polymers are discussed, but only the curves with a heating rate of 2°C/min

dH

dt

3 Synthesis and Characterization of LBGs

are reported (Figure 3.14), complete graphics and data are presented in Annex 1.

(b)

Heat Flow (mW)

From the DSC thermograms it is possible to see different behavior according to the different
DPP side-chain. For the PSBDPP_C10C®6, it is possible to see a glass transition around 40°C and a
fusion/crystallization at 215°C, while in the case of PSBDPP_C12 only a glass transition at 40°C is

visible. This glass transition at such low temperature is due to the side-chains [116], while the melting

-0.5

0.5

0.0+

Temperature (°C)

PSBDPP_C10C6

Crytallization: 4.427 J/g
212.97°C

Fusion: 4.109 J/g

216.39°C

is the DSC signal, C,, is the sample heat capacity, (;—I is the heating rate and f(T, t) is

Figure 3.14 DSC thermograms at 2°C of DPP series.
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3 Synthesis and Characterization of LBGs

at 215°C can be ascribed to a phase transition of the whole polymer. In the case of PSBDPP_C16, no
phase transition is visible. The spike around 0 °C is present in all the graphs and is an artifact of the
machine, due to the non anhydrosity of the purge gas.

These results suggest that DSC is not the most suitable technique to characterize the thermal
properties of these m-conjugated polymers. In order to have a better understanding further analysis,
both in bulk (Flash-DSC [117] and Dynamic Mechanical Thermal Analysis (DMTA) [118]) and in thin
film (Confocal Raman Spectroscopy [119]) are on course, in collaboration with Aurélien Tournebize

(ESR10) and Isabel Fraga Dominguez (ESR8) in the framework of ESTABLIS project.

3.4 Synthesis and characterization of LBGs Based on DTS and DTP Units

In this sub-section, the synthesis and the chemical characterization of two low band gap
polymers based on dithienosilole (DTS) and dithienopyrazine (DTP) is presented. A state of the art of
the current research on DTP is also presented as introduction to explain and support the choice of

these donor and acceptor units.

3.4.1 Introduction
One of the possible chemical approaches to lower and to tune the bandgap of nm-conjugated
polymers, is the use of ring-fused thiophene units, due to their extended m-conjugation and more
rigid structures [120]. Both features would contribute to reduce the polymer bandgap and to promote
the intermolecular interactions in solid films.

One of the first materials on this idea was

I\ <> poly(isothianaphthene) (PITN). Wudl et al. reported in 1984
S S [121], the electrochemical polymerization of isothianaphthene,
aromatic quinoid  patter known as benzofcjthiophene. Both theoretical and

Figure 3.15 Aromatic and quinoid form of ~ experimental investigations [122] demonstrated that the fused
benzo[c]thiophene.
benzene ring in benzo/cJthiophene increases the quinoid
character of the electronic ground-state in PITN (Figure 3.15), causing a bandgap of ~1.0 eV, which is
about half that of polythiophene (2.0 eV) [123].
Alkyl- or alkoxy-substituted soluble PITNs (Figure 3.16-a) were also synthesized. This chemical

modification did not lead to any significant changes in the bandgap of the polymers, which showed
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bandgaps of =1.0 eV [124], [125]. Dithienylbenzo/c/thiophene (Figure 3.16-b) was synthesized
independently by different research groups [126] [127]. Its bandgap was 1.6 eV, i.e., between those of
PITN and polythiophene [126].
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Figure 3.16 Substituted PITNs (a and b) and oligomers (c).

Bauerle’s group developed a series of end-capped benzo[c/thiophene-based oligomers (Figure
3.16-c3) [128]. In comparison with the corresponding a-oligothiophenes, these oligomers exhibited a
significant  bathocromic shift in the absorption spectra. Diarylamino-capped 1,3-
dithienylbenzo[c]thiophene oligomers (Figure
3.16-c1) and copolymers (Figure 3.16-c2) were
synthesized by Kisselev and Thelakkat [129].

These compounds exhibited extensive

absorptions in the range 300-620 nm. The

Figure 3.17 Intramolecular interactions in poly(benzo[c]thiophene)
and N-substituted poly(benzo[c]thiophene) [120]. electron-donating diarylamino groups increased

the HOMO energy, making them promising candidates for light-harvesting and hole-transport
materials in organic solar cells.

In poly(benzo[c]thiophene) systems such as PITN, the steric hindrance between phenyl-H and
thiophene-S atoms of adjacent thiophene rings causes a torsion, which results in a reduction of the n-

conjugation of the polymeric backbone. Replacement of the 4-CH group in the benzo/cJthiophene unit
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by nitrogen (Figure 3.17) would diminish steric hindrance, which has been proven by X-ray structure
analysis. The torsion angle between the central thienopyridine moiety and the thiophene unit on the
nitrogen side is only 3.5°, whereas it is 39° and much larger on the CH side [130]. Based on these
findings, heteroaromatic ring-fused thiophene molecules, such as thieno[3,4-b]pyrazine (Figure 3.18-
a), thienothiadiazole (Figure 3.18-c) and thiadiazolothienopyrazine (Figure 3.18-d), were proposed as

fused thiophene building block for low-bandgap polymers.

Figure 3.18 Examples of N-substituted benzo[c]thiophene.

Substituted thieno[3,4-b]pyrazines are generally synthesized by condensation of 3,4-
diaminothiophene with substituted 1,2-diones [124] [131], to give the corresponding di-imine groups.
Through this synthetic approach, various alkyl-substituted thieno[3,4-b]pyrazines were synthesized
and polymerized to give the corresponding homo- and co-polymers (Figure 3.19, P1-P11, Table 3.8).
P1-P4 were synthesized by oxidative polymerization with FeCls and electrochemical polymerization.
The resulting polymers were highly soluble in organic solvents due to the alkyl side-chains and had
low bandgaps ranging between 0.8-1.1 eV. P5 and P6 were synthesized by Stille polycondensation
[132] and showed an optical bandgap of 0.88 and 0.90 eV and an electrochemical bandgap of 1.00
and 1.06 eV. The saturation field-effect hole mobility of P5 was 1.7 10%cm*V's?, which was
significantly higher than that of the P6 with 8.1 10*cm?*V™s™. Thus, the vinylene bridge provided
better charge-transporting characteristics than the ethynylene. The small band gaps and high charge
carrier mobility of these two copolymers make them suitable for application in near-infrared
electronic and optoelectronic devices. P7 and P8 were synthesized by Sonogashira polycondensation
[133] and showed a bandgap of =1.6 eV. Their application in BHJ devices on flexible substrate, showed
a PCE up to 2.37% for a P7:PC¢BM active layer. P9 and P10 were synthesized by Suzuki
polycondensation [134] and the positions of the hexyl side-chains on the 3HT units were varied to
adjust the co-planarity of the copolymers. P9 and P10 showed an optical bandgap of 1.27 and 1.44 eV,
respectively, while the electrochemical bandgap was 1.63 and 1.76 eV, respectively. The HOMO and
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LUMO were tuned by the number of hexylthiophene (HT) units and by the break of co-planarity along
the main chain, depending on the position of the hexyl side-chain. Copolymer P11 was synthesized by
electrochemical polymerization. It showed excellent stability under reductive redox cycling conditions
and a very small bandgap of only 0.36 eV [135]. As drawback, its solubility was poor, which the
authors attributed to the tight molecular packing of the polymeric chains originating from the intra-
and intermolecular N-S and O-S interactions.

In 1994, Kitamura et al. [136] reported a series of 5,7-di(thienyl)thieno[3,4-b]pyrazines (P12-
P15, Figure 3.20, Table 3.9). They were synthesized either by electrochemical polymerization or
oxidative polymerization with FeCls;. Their bandgaps varied from 1.0 to 1.5 eV depending on the
substitution pattern [137] [138]. The polymers covered a very broad absorption range (300 to 980
nm), but their application in BHJ P15:PCg;BM (1:1) exhibited a maximum PCE of only 0.8%.

Figure 3.19 General structure of thienopyrazine co-polymers.

Table 3.8 Polymers which bears thienopyrazine as monomer units.

Polymer R, Ar R, Ref
1 -CeHa3
2 -CgHyy
/ / [124]
3 -CioH21
4 -CioHas

-p(CgHa4)-OCH,CH(C;Hs)(C4Hs) [132]

7 -(CeHs) — N\ — /| 33

96



3 Synthesis and Characterization of LBGs

Ro
8 = \/_// = 'OC12H25
Rz
Ro
S
R -CgH13 [134]
S 7\
10 \ /" s
-CeHa3 "
O//_\\O
11 7 / [135]
S

Polymers based on 2,3-di(3-thienyl)thieno[3,4-b]pyrazine (P16-P18) have been synthesized by

electrochemical or oxidative polymerization [139] [140]. They have attracted much attention due to

their green color and application prospects in electrochromic devices. More recently, P19 and P20

were synthesized by an Ni(COD),-catalyzed condensation polymerization [141]. Both polymers were

soluble in organic solvents and had an intense absorption ranging from 600 to 950 nm. Polymer P20

had a bandgap of 1.20 eV, which is slightly smaller than that of P19 (1.28 eV). Application in BHJ

devices resulted in poor photovoltaic properties, which can be attributed to the low oxidation

potential and the therefore high-lying HOMOs of the polymers.

Ry Ry

Figure 3.20 General structure of dithenyl-Thienopyrazine co-polymers.

Table 3.9 Coplymers that bears Dithenyl-thienopyrazine as constitutive units.

Polymer R; R, Ar R3 Ref
[136]
12 / -CioHas
/ / [137]
13 -CgH47 -CgH;7 [136]
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14 [138]
_CHZCH(CZHS)(C4H9)
15 -CH,0C,Hqg
16 -H
[139]
17 -2-Thiophene -CgH17
18 -CgHys [140]
19 -(CgHs) -OCH,CH(C,Hs)(C4Ho)
-3,5-(CgHs)- [141]
20 /
O
21 \C[ j -CeHys [140]
(@]
Ro
22 / -C1oHas 4@7 -0CioHa4 [137]
Rz
23 -CaHys /@\ / [137]
24 -CgHy7 S /
-3,5-(CgH3)- R3
[142]
25 OCH,CH(C;Hs)(C4Hs) / ]\ -CizHas
S
Rs3
26 -CyHs -CeHys A -CeHi3 [134]
S
S 7\ S
-3,5-(CgH3)- \ /s »
27 / R -CgHy7 [142]
OCHch(Csz)(C4H9) 3 R3
28 -C,Hs -CeH13 -CeHys (134]
R
29 -CH,CH(C;Hs)(C4Ho) 3
.
30 -CioHs \ / S
'C12H25 [143]
=W, "
31 -CH,CH(C,Hs)(C4Hg)
32 / -CioHas (137]
33 -(CHs) / 0.0 -CsHiy [144]
34 -p(CeH4)CH,CH(C,Hs)(C4Hs) / [145]
Rs™ 'R
[146],
35 -CH,CH(C,Hs)(C4Ho) -CH,CH(C;Hs)(C4Ho) (143]

98




3 Synthesis and Characterization of LBGs

HexEt EtHex
36 / -CH,CH(CoHs)(CaHs)
[146]
Ci2Hgs CioHas
37 / -CioHas
38 OO -CH,CH(C,H5)(C4Ho) -CH,CH(C;H5)(C4Ho)
[143]
39 'C12H25 'C12H25
= N
40 s/ \ S
S S
41 L\
-CH,CH(C;Hs)(C4Ho)
-CH,CH(C,H;)(C4Ho) [147]
= ~
42 s— )-s S s
W
S S
43 L\ R3™ "R3
CeHy7
a4 /U Rs
S S
OC12Hazs / /S Y -OCy,Hys [148]
s 99 "
46 -(CeHs) Para linked
47 -p(CsHa) CHaCH(CoHs) (CaHs) ! arylamine
/ ©@ [149]
48 -(CgHs) @ Meta linked
49 -p(CeHa)CH,CH(C,H5 ) (ChHo) R arylamine

P22 and P23 were synthesized by Suzuki and Stille polycondensation [137], they presented
broad absorption bands at extended towards the near-infrared region. They exhibited ambipolar
redox properties with low ionization potentials and the field-effect mobility of holes of 1.1 x 107 4.2 x
10*%cm?Vvitst respectively. P24-P27 were synthesized by Yamamoto or Suzuki polymerization [134]
[142], showing a broad absorption, extended to the NIR. According to the number of thiophene units
the bandgap varied from 1.3 to 1.5 eV, mainly due to the backbone distortion related to the side-
chains. The best BHJ cells gave a power conversion efficiency of 1.4% for P24:PC¢;BM blend. P28-P31
were synthesized by Suzuki and Stille polycondensation [143]. They showed an electrochemical
bandgap ranging from 1.2 to 1.6 eV and field-effect mobility from 2.1 to 6.5 x 103.cm®Vv™ts™t. Power
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conversion efficiencies (PCE) up to 0.3% was achieved in BHJ solar cells. For P32-P41 the co-monomer
chosen was fluorene and they were synthesized by Suzuki polycondensation [137] [143] [144] [145]
[146] [147]. All the polymers presented broad absorption spectra which extends to the NIR and good
field-effect mobilities. In particular the use of fused aromatic thienopyrazine (P35-P41) furtherly
increased the mobility values (up to 0.012-cm?V*:s?) due to enhanced crystallinity of the films, which
formed lamellar structures as seen by GISAXS. The substitution of fluorine with
cyclopentadithiophene (P42 and P43) furtherly improved the field-effect mobility, due to decreased
lamellar d-spacings. On the other hand BHJ solar cells have low efficiencies that never exceeds 1.5%.
P44 and P45 were obtained by Stille polymerization [148]. Both polymers exhibit good solubility in
common organic solvents and a broad absorption band in the visible to NIR regions. The film optical
band gaps of the polymers are 1.2 and 1.3 eV, respectively, while the electrochemical bandgap is 1.7
eV for both of them. BHJ solar cells, with PCs:BM as acceptor material, showed a PCE up to 0.80% in
combination with P44. P46-P49, obtained by Suzuki polycondensation [149], exhibited different
optoelectronic properties according to the position of the triarylamine substituent on the carbazole
units. When the triarylamine group is in meta- position there is a slight bathochromic shift of the
absorbance maxima, compared to the para- position. These results indicated stereoelectronic effects
of the substituents on the backbones. This stereo-electronic effects was not visible in BHJ solar cells,

which in combination with PC7;BM showed a PCE of 0.60% for all polymers.

: I HOC COH
: H
o Qo
A O
H ! 7\
AN : NN i NN
- S ~ ' S’ V

Thienothiophene H Benzothiadiazole

Stability
Figure 3.21 Stability scale of acceptors units [34].
Moreover, Manceau et al. [34] investigated the stability of co-polymers based on
dithienylthienopyrazine bearing thermo-cleavable tertiary esters on the pyrazine ring, alternating
with different donor groups: fluorene, cyclopentadithiophene (CPDT), dithienosilole (DTS) and

thiophene. Their stability under photooxidative conditions is: fluorene<CPDT<DTS<thiophene. The

100



3 Synthesis and Characterization of LBGs

same ranking is observed with the cleaved materials, but on a very different timescale. Comparing
these cleaved dithienylthienopyrazine based co-polymers with other co-polymers constituted by
benzothiadiazole, thienothiophene and the same donor units, they were able to establish the stability
ranking shown in Figure 3.21.

In the following sub-section, syntheses of DTPs monomers (used in this thesis) and their
polymerization is presented and their chemical and physical characterizations is discussed. Two
different side groups, namely thiophene and 1,4-benzodioxane, have been chosen. These two
monomers, bearing different side-chains on the thenyl units, are already known in the literature [139]
[140], but to the best of our knowledge, never before utilized in donor-acceptor LBG co-polymers. No
alkyl side-chains have been used to promote the planarity of the backbone and improve the overall

chemical stability of the polymers.

3.4.2 Monomer synthesis

DTP monomers M-5 and M-6 have been synthesized according to the synthetic route reported
in Scheme 3.8 [144]. The first step consists in the Stille condensation of 2-tributyltinthiophene with
2,5-dibromo-3,4-dinitrothiophene to give the dinitro-terthiophene (1). The second step is the
bromination of (1) to give the corresponding dibromo-dinitro-terthiophene (2). The reduction of the
nitro-group to the amine (3) was performed using metallic iron (Fe) in acetic acid (AcOH). The amine
was not isolated due to its low stability; iron powder was eliminated by filtration and the crude
product was utilized in the following synthetic step without further purification. The a-dione (4) had
been synthesized by direct acylation of the oxalyl chloride through a Grignard reaction in the presence

of CuBr/LiBr [150].
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Scheme 3.8 Synthetic route to the dithienyl-thienopyrazine.

The condensation of the dibromo-diamine-terthiophene (3) with the a-dione (4), to give the
corresponding ketimine, was performed in AcOH to obtain the dibromo-dithieno-thieno pyrazine
(DTP). From the *H-NMR spectrum, it is possible to see signals corresponding to impurities in aromatic
region that can correspond to a-diones used in large excess for the reaction and not completely
eliminated during the product purification.

The detailed experimental procedures and chemical characterization are reported in Annex 1.

3.4.3 Polymer synthesis

The polymers have been synthesized by Stille polycondensation, reacting the dibrominated-
DTPs monomers (Scheme 3.8, M-5 and M-6) with 4,4'-bis(2-ethylhexyl)-5,5'-bis(trimethyltin)-
dithieno[3,2-b:2,3-d]silole (Scheme 3.8, M-1). The monomers M-1, M-5 and M-6 were polymerized
according to the synthetic pathway in Scheme 3.9 to obtain the corresponding polymers PSBDTP_Th,
and PSBDTP_EDOPh.
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Scheme 3.9 Synthesized polymers containing by DTS and DTP units.

The polymerization was conducted in anhydrous chlorobenzene with Pd(0) as catalyst at 150°C
a for few hours. The Pd(0) was generated in situ from bis(dibenzylideneacetone)-palladium(0)
[Pdy(dba)s] and tri(2-methylphenyl)phosphine [(o-tolyl)sP] as ligand [106]. This catalyst-ligand couple
was chosen according to the higher air stability of the Pd,(dba)s; and to the increased steric bulk of the
(o-tolyl)sP which leads to faster coupling. Moreover the excess of ligand does not affect the Stille
coupling as it happens in the case of tri-phenylphosphine (PPhs).

The detailed experimental procedures and chemical characterizations are reported in Annex 1.

3.4.4 Molecular mass

Gel permeation chromatrography (GPC) was performed with an Agilent Technologies 1260
infinity eluted at 1mL/min with HPLC grade chlorobenzene (Aldrich) at 50°C through a PLgel 10 um
Mixed-B (300x7.5 mm) GPC column. The polymers were analyzed with a refractive index detector
calibrated against narrow polystyrene standards. Samples were dissolved in HPLC grade
chlorobenzene at a concentration of 1-4 mg/mL and filtered before injection. The measurement and
the calculation of molecular weights (M, My, and M) and dispersities (M./M;) have been performed

by Dr Graham Morse at Merck Chemicals Ltd in the framework of ESTABLIS project.
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Figure 3.22 GPC curves of the PSBDTP copolymers.

The GPC data (Figure 3.22) show that the polymerization were not completely successful. In
fact, for both PSBDTP_Th and PSBDTP_EDOPh, the M, measured correspond to few repetitive units
(Table 3.10). As discussed in the introductive chapter, this might be caused by two different issues
related the Stille polymerization: low monomer purity or low oligomers solubility. In this case, the low
purity of the acceptor monomers was more probable rather than the low solubility. In fact, the
oligomers were completely soluble in most common organic solvents (chloroform, toluene, o-
xylene,...) at room temperature.

On the other hand, the fact that the toluene fraction present a lower M, than with
cyclohexane and chlorobenzene for the PSBDTP_Th is a clear indication that additional side-chains are
required, in order to have a processable polymer. This additional substituent could be either on the
pendent aromatic substituent of the ketimine or on the bridge thiophene between the dithienosilole
and the thienopyrazine units. Mondal et al. [146] investigated the effect of alkyl substituent in the

aforementioned positions. They found that moving the side-chain awayfrom the backbone improved
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its planarity and that linear chains are more suitable, in order to promote film crystallinity with a high

carrier mobility.

Table 3.10 Molecular weight and dispersity of PSBDTPs polymers.

Polymer Fraction Mn (kg/mol) | Mw (kg/mol) | D
Cyclohexane 2.4 3.7 1.5
PSBDTP_Th Toluene 13 5.0 3.7

Chlorobenzene® - - .

Cyclohexane 2.1 3.0 1.5

PSBDTP_EDOPh
Toluene 2.9 5.4 1.9

Not soluble enough to be measured

3.4.5 Optical Properties
Figure 3.23 shows the UV-visible absorption spectra of PSBDTP_Th and PSBDTP_EDOPh in o-
xylene solution and in thin film. Electronic absorption data including the absorption peak wavelength

°PY) are collected in Table

(Amax), the absorption-edge wavelength (Aegge), and the optical band gap (Eq
3.11.

All the samples exhibited a broad absorption band covering a range from 300 to 1000 nm. The
main band between 400 and 500 nm corresponds to m-mt* transition, while at longer wavelengths
(600-1000 nm) there is a second band, which corresponds to intramolecular charge transfer (ICT)
from the donor to the acceptor moieties. In Figure 3.23-a, the DTP monomers are compared to the
corresponding polymers in o-xylene solution. It is possible to see the strong influence of the D-A

coupling on the optical properties, the m-n* undergoes a bathochromic shift of =100 nm, that is even

more pronounced for the ICT transition, whose relative intensity is augmented by a factor 3.
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Figure 3.23 Absorption spectra of a) PSBDTPs and corresponding monomers in o-xylene solution; o-xylene solution and thin film of b)
PSBDTP_Th and c) PSBDTP_EDOPh.

Table 3.11 Optical properties of PSBDTPs.

Solution® Film®
Polymer opt 3
)"max (nm) )\-max (nm) )"edge (nm) Eg (eV)
PSBDTP_Th 508 515 960 13
PSBDTP_EDOPhH 453 466 1057 11

a) Measured in o-xylene solution; b) doctor bladed on glass from o-xylene solution; c) Bandgap calculated from the

absorption edge wavelength of the optical absorption spectra of the film

Thin films show a broader absorption spectra with the same main feature visible in the
solution spectra (Figure 3.23-b and —c). The bathochromic shift for the ICT band (25-40 nm) is more
pronounced than the one for the m-m* transition (15 nm). From the band shape no particular

aggregation is visible.
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3.4.6 Electrochemical Properties
Cyclic voltammetry was performed using a Princeton Applied Research VersaSTAT 4
potentiostat. Films of the polymers were cast from a concentrated chloroform solution onto a
platinum wire working electrode. These solid films were measured in an anhydrous acetonitrile
solution containing 0.1 M tetrabutyl ammonium tetrafluoroborate electrolyte with a platinum wire
counter electrode and 0.1 M Ag/AgNOs in acetonitrile reference electrode. The solutions were purged
with N, gas prior to use. The samples were referenced to an external ferrocene solution which was
also used to calculate the LUMO position [114]:
Erumo = —(Eonset, reduction + 5.1) €V (3.1)
The cyclic voltammetry measurements and HOMO/LUMO calculations were performed by Dr

Graham Morse at Merck Chemicals Ltd in the framework of the ESTABLIS project.
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Figure 3.24 Cyclovoltammograms of PSBDTP_Th and PSBDTP_EDOPh.

According to equation ( 3.1 ), the HOMO level of the copolymer was -5.1 eV for PSBDTP_Th
and -5.2 eV for PSBDTP_EDOPh, while the corresponding LUMO is -3.9 and-3.8 eV (Figure 3.24, Table
3.12) respectively. The small difference in the HOMO and LUMO levels is due to the different
electronic effect of the thienyl and 1,4-benzodioxane. The higher donor capacity of ethylenedioxy
groups on pendant phenyl rings leads to decrease in the electron-withdrawing capability of
thienopyrazine unit, that results in a reduction of the HOMO. The approximate Egopt is=1.3and 1.1 eV
(Egopt:1240/}\edge), for PSBDTP_Th and PSBDTP_EDOPh respectively, are close the electronic bandgap
calculated from the CV.

The PSBDTPs polymers have LUMO and HOMO levels and band gap similar to those of other
DTP’s low bandgap copolymers [137] [144] [147].
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Table 3.12 Energetic levels of PSBDTPs.

Polymer Enomo (€V) | ELumo (eV) EgeI (ev) | E. ™ (eV)
PSBDTP_Th 5.1 -3.9 1.2 1.3
PSBDTP_EDOPh -5.2 -3.8 1.4 1.1

3.4.7 Thermal Properties

Thermogravimetric Analysis (TGA) was conducted to investigate the thermal stability of the
polymers and in particular to compare the stability of the different side-chains. The analysis have
been done under inert atmosphere (N,), with a ramp of 10°C/min from 40 to 590°C.

Figure 3.25 shows that for both the PSBDTP, the thermal degradation happens in one step
between 300 and 550°C. The weight loss obtained is higher than the theoretical value (equation ( 3.2
)) calculated in the hypothesis that the alkyl chains on the dithienosilole unit are completely removed:

MWMonomer - lVIWBackbone
WLtheo (%) = '

100 (3.2)
MVVMonomer

where MWpionomer is the Mw of the repeating unit, while MWg,ckbone is the Mw of the repeating

unit without any alkyl chain.
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Figure 3.25 Thermo gravimetric analysis of PSBDTPs.

The difference in the weight loss compared to the theoretical values (Table 3.13) can be due to
the degradation of the -Sn(Me)s groups, that in the case of such short oligomers constitute a relevant

part of the total Mw.
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Table 3.13 Thermal characteristics of PSBDTPs.

5% Weight
Sample WLy, (%) Wliheol%)
loss (°C)
PSBDTP_Th 388 34.1 25.5
PSBDTP_EDOPh 370 31.8 22.8

The DSC analysis was performed with a temperature ramp of 10°C/min with a first cycle to
erase the polymers thermal history and a second one shown in Figure 3.26. The results do not show

any phase transition, indicating that there is no particular aggregation of the oligomer chains.
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Figure 3.26 DSC thermograms of PSBDTP_Th and PSBDTP_EDOPh.

3.5 Conclusions

In this chapter the synthesis and chemical characterization of two series of Low BandGap
polymers have been presented. The good solubility, the NIR-absorption and optoelectronic properties
of PSBDPPs make them promising materials for application in OPV and organic electronics. A initial
study of the OPV application of these materials is presented in the next chapter. Further studies, in
collaboration with Isabel Fraga Domingues (ESR8), Aurélien Tournebize (ESR10) and Simon A.
Dowland (ER1), are still ongoing and the results will be presented in their manuscript and future
publications. In particular, their stability to photo- and thermal-oxidation has been investigated and
first results show superior stability compared to P3HT and other LBG polymers of the ESTABLIS library.
Moreover, GIWAXS/GISAXS analyzes have been performed to evaluate the effect of the side-chain on

the crystallinity of polymer films. The effect of side-chains on polymer thermal properties is also
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under investigation by FLASH-DSC, DMTA and Raman spectroscopy. Side-chain dependence of
optoelectronic properties and photo-oxidative stability of polymer:PCBM blend are under
investigation within the ESTABLIS project.

The synthesis of PSBDTP polymers has not been successful due to a not optimized synthesis
procedure. Nonetheless, the wide absorption and the electronic properties of these polymers make

them promising materials for organic electronics.
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4 Application in Inverted Devices

In order to verify the efficiency of the PSBDPP polymers in real applications, devices with
inverted architecture have been fabricated at Belectric OPV GmbH. The photovoltaic characteristics of

devices processed under different conditions were investigated in order to optimize them.

4.1 Introduction

Solution processing, low cost, short energy payback time, flexibility, lightness are keywords
generally associated with organic solar cells, and for the past 30 years the huge potential of producing
effective and cheap solar cells has been the driving force for research in this field. The research at
laboratory scale started with small area cells, fabricated by simple and relatively inexpensive
techniques such as spin coating and thermal evaporation. Currently, most OPVs still need to be
fabricated under nitrogen atmosphere, inside gloveboxes, to exclude the detrimental effect of oxygen
and moisture on device performance and long-term stability [1], [2]. However, this processing is not
suitable for the eventual scale up of production to mass manufacturing applications. Moreover, many
researchers claim the scalability of performances obtained on these small scale, laboratory produced
devices, which are tested under extremely restrictive conditions. However, the transferring of the
delicate and highly empirical equilibrium between multiple fabrication parameters (solvent,
deposition, drying and post deposition conditions, materials, etc.) to a scale-up processing is not
trivial. The extra requirements of speeding-up the processing and to transfer it in ambient conditions
make the task even harder.

In order for the organic solar cells to succeed as a technology, more effort must be directed
towards large area fabrication combined with high throughput processing such as roll-to-roll methods
(R2R). The main printing and coating techniques which are fully compatible with R2R processing have
been subject to review [3], [4]. Examples of printing technique are: (i) wet films through contact:
gravure printing, flexographic printing, screen printing, rotary screen printing; and (ii) wet film
formation without contact: spray coating, inkjet.

The coating techniques differ from the printing techniques in that the wet film is spun through
a meniscus. The two most common coating techniques applied in OPV processing are slot-die coating
and knife coating [3]. Knife coating is very similar to doctor blading and, thus, laboratory results can
be transferred with more ease to roll-to-roll processing. As the web passes by, the meniscus is fed
with new ink by a reservoir located before the knife. Slot-die coating allows to coat stripes of a well-
defined width along the web direction, also with a one-dimensional patterning. This is achieved
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through the ink supply; the meniscus is fed via a slot and a pump, enabling to adjust the wet thickness
by controlling both the speed of the web or the ink supply.

The current attempts to scale up production of OPVs from lab to industrial scale have led to
drops in PCE [5] and stability [6], compared to heroes devices on laboratory scale with a PCE of 11.5%
[7] and a predicted lifetime up to 20 years [8]. Recently, Lucera et al [9] analyzed the factors which
negatively affect the performance of up-scaled devices, giving guidelines in order to overcome them,
while Angmo and Krebs [10] demonstrated the outdoor operational and storage stability of large
flexible modules up to two years.

Also, from an industrial point of view, replacing halogenated solvents in the processing of
organic solar cells by benign solvents is a required step for the commercialization of this technology,
due to industrial and environmental requirements [11]. Of course, a good solubility of the materials is
essential to be properly processed. This is even more critical in bulk heterojunction systems, where
two (or more) materials are processed from the same solution. Therefore, solvent systems anticipated
to be more transferable to sustainable module production, while maintaining high efficiency, are
extremely compelling. Water is one of the most favorable processing fluids from cost and
sustainability standpoints. However, efficient photoactive materials compatible with aqueous solvents
are currently scarce [12], [13] and new environment frendlier solvents systems which can mimic the
halogenated solvents properties have been only recently explored [14].

Nowadays, halogen-free organic solvents (e g., toluene and isomers of xylene) are the most
attractive processing solvents, since their environmental accumulation can be faced with comparative
ease [15], making them more compatible with environmental impact concerns associated with large-
scale manufacturing. The use of non-halogenated solvents has been investigated [16], [17] and results
comparable to traditional halogenated solvents have been obtained. Large scale production by slot-
die coating with o-xylene-based inks have been recently explored [18]. It showed reduced device
performances compared to doctor-bladed solar cells, improved by the use tetrahydronaphtalene as
co-solvent.

Another aspect to take into account is the device architecture. As described in the
introduction, the most diffused device architecture is the so-called normal geometry
(substrate/cathode/active layer/anode). A valid alternative is represented by the inverted geometry

(substrate/anode/active layer/cathode), which offers advantages in terms of stability [19]. These
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advantages arise from the fact that the high working function metal electrode is exposed to the air.
Moreover, inverted structure avoids the use of PEDOT:PSS to tune the ITO work function. It has been
shown that the acidic nature of PEDOT:PSS promotes the etching of ITO, with the diffusion of indium
to the active layer. Another important feature is that inverted structure gives the possibility of

developing a completely vacuum-free solution processing or exotic alternatives such as lamination.

4.2 Polymer:PCs1BM blend ratio and Solvent System

The donor and acceptor blend ratio significantly influences the device performance of the BHJ
solar cell. Indeed, it has been shown that it strongly affects the crystalline order, phase separation,
and morphology of the thin film [20]. In order to obtain the best bicontinuous percolation pathways
with maximal interfacial area, the optimal D:A ratio (by weight) depends on the choice of materials
used [21]. In the MDMO-PPV:PCs:BM (1:4) system, fullerenes tend to be mixable with the amorphous
polymers [22]. For the P3HT:PCs1:BM solar cell, a D:A ratio of 1:1 or 1:0.8 is needed to achieve a PCE
over 4% [23], [24]. For most of LBG polymers the best performances are achieved with a ratio ranging
from 1:2 to 1:4 [21], [25].

Due to the limited amount of materials synthetized, the D:A ratio was not optimized with a
systematic procedure, but directly fixed at 1:2 (w/w) polymer:PCs;BM ratio, as reported in the most
relevant literature about DPP-based n-conjugated polymers [25], [26]. In particular, the only DPP-DTS
reported polymer [27], where the DPP units bear a 2-ethylhexyl alkyl chain, has been integrated in
normal geometry devices in blend with PC;:BM in 1:2 (w/w) ratio (Jsc 7.5 mA/cmZ; Voc 0.55 V; FF 50.8
%; PCE 2.10%).

The active layer was coated from a solution of o-xylene, with a polymer concentration of 10
mg/ml. This solvent was chosen according to the general industrial protocol adopted at Belectric OPV
GmbH, with the aim to optimize the device under conditions that would have been already
compatible and transferable to industrial production. For this same reason, all layers in the device
(Figure 4.1) were processed by doctor blading, except for the silver electrode deposed by

evaporation.
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Bottom Electrode
9mm Top Electrode

PEDOT:PSS

Polymer:PCBM
Zn0

Glass/ITO y

Figure 4.1 Schematic structure of inverted devices fabricated at Belectric OPV GmbH.

4.3 Optimization of Active Layer Coating Temperature

The drying kinetics on the resultant P3HT:PCs;BM blend has a profound influence on the final
device characteristics [24], where it was found that slowly dried films had better performance
characteristics (higher external quantum efficiency, higher power conversion efficiency, higher fill
factor, and lower series resistance) than rapidly dried films. The charge carrier mobility of holes and
electrons in P3HT:PC¢:BM thick films was shown to have more balanced transport properties and
non-dispersive dynamics for the slowly dried films, whereas the rapidly dried films displayed
dispersive dynamics and unbalanced transport.

All these differences in performance were explained by the rate of solvent evaporation. As fast
solvent loss quenches the phase separation process, and conversely the longer the blend is mobile
and contains solvent the more the mixture will proceed to a more phase separated state. Campoy-
Quiles et al. [28] have studied the morphology changes induced by slow drying and vapour annealing
and showed that the PC¢;BM concentration profile changes as the spin-coating speed (and hence the
rate of drying) is reduced. Slow drying has a qualitatively similar effect to thermal annealing, whereby
the composition gradient becomes more pronounced and the surface-segregated PC¢BM
concentration increases.

Schmidt-Hansberg et al [29]-[32] used a laboratory scale roll-to-roll compatible knife coating
setup and in-situ grazing incident x-ray diffraction (GIXRD) to monitor polymer and fullerene

crystallization during drying of doctor bladed films. They concluded that the morphology of
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P3HT:PCs:BM blends is improved by low isothermal drying temperature, and slow drying rates,
supported by high boiling point solvents. Even if a slow drying rate and low temperature can be
beneficial to film morphology, they also provide time for de-wetting processes or the amplification of
film instabilities. Thus, films that were coated under meta-stable conditions may become instable

during drying since surface tension and surface energy change with time and film composition.

4.3.1 PSBDPP_C10C6:PCs1BM Based Devices

In order to study the influence of solvent evaporation rate on device performance, active
layers were deposited at different temperatures by varying the temperature of the blade coater base
and blade. The evaporation rate of a wet film is directly proportional to the vapour pressure of the
solvent(s), which in turn is related to the temperature. So, the higher the temperature of the
substrate, the faster the drying of the film.

Figure 4.2 and Table 4.1 summarize the results obtained for solar cells from o-xylene solution
(10 mg/mL of PSBDPP_C10C6) which had different coating temperatures for their active layers. Jsc,
Voc, FF and PCE were increased significantly when the coating temperature for active layer was

elevated to around 80 °C, with a further improvement when coated at 100 °C.
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Figure 4.2 Dependence of photovoltaic characteristics of inverted devices with PSBDPP_C10C6:PCg;;BM 1:2 (w/w) on active
layer coating temperature.

Table 4.1 Photovoltaic characteristics of devices fabricated from o-Xylene solution at different coating temperature.

Coating Temperature (°C) | Jsc (mA/cm”) | Voc (V) FF PCE (%)
25 0.55+0.04 | 0.40£0.03 | 0.29+0.01 | 0.074£0.01
80 0.67+0.08 | 0.59+0.01 | 0.43+£0.04 | 0.16%0.02
100 0.64+0.08 | 0.61+0.01 | 0.50+0.04 | 0.2040.03

Figure 4.3 shows representative J-V curves of devices that had different coating temperatures
for AL deposition. The shape of J-V curve changed from a rather straight line to a typical diode curve
when the coating temperature for the AL was elevated from room temperature to 80 and 100 °C. The

low Rsy visible for the black curve could account for the reduced FF observed.
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Figure 4.3 Representative J-V curves of devices prepared at different AL coating temperatures.

4.3.2 PSBDPP C12:PC¢1BM Based Devices

Figure 4.4 and Table 4.2 summarize the results obtained from solar cells which had their AL
coated from o-xylene solution (10 mg/mL of PSBDPP_C12) at different temperatures. Conversely to
what observed for devices integrating PSBDPP_C10C6, Jsc, FF and PCE dramatically drop when the
coating temperature is raised to 65 °C and it was furtherly reduced at 90 °C, while Vo is not affected
by the coating temperature as was observed in the previous case. This different behavior could be

associated with a different evolution of the morphology related to the variation of drying kinetics.
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Figure 4.4 Dependence of photovoltaic characteristics of inverted devices with PSBDPP_C12:PC¢,BM 1:2 (w/w) on active layer coating
temperature.

Table 4.2 Photovoltaic characteristics of devices fabricated from o-Xylene solution at different coating temperature.

Coating temperature (°C) | Jsc (mA/cm2) | Voc (V) FF PCE (%)
25 2.610.2 0.50+0.01 | 0.4740.02 | 0.61+0.03
65 0.25+0.06 | 0.49+0.02 | 0.41+0.08 | 0.05+0.02
90 0.2240.02 0.49+0.01 | 0.35+0.01 | 0.04+0.01

Figure 4.5 shows representative J-V characteristics of devices that had different coating
temperatures for their AL. The shape of J-V curve in all cases is a typical diode curve, even if for higher

coating temperature Rs is higher and affects the FF.
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Figure 4.5 Representative J-V curves of devices prepared at different coating temperature.

4.4 Effect of Additives on PSBDPP_C10C6:PC¢1BM Based Devices

In many cases, a large scaled phase separation was observed when polymer:PCs;BM blends
are deposited from a single solvent. Solvent mixtures are used in order to change the crystallization
behavior of m-conjugated polymer and homogenize the distribution of PC¢;BM in the thin films. Two
conditions must be fulfilled to use a solvent as an additive: (i) higher boiling point than the primary
solvent; (ii) being a poor solvent for polymer and a good solvent for PCs;:BM. Recently, the effect of
additives on AL morphology has been reviewed [33]-[35]. Even if general guidelines have been
proposed, no general rule has been found yet and the morphology optimization by additive is still a
challenging trial and error process. The most common additives are 1,8-diiodoctane, 1,8-
octanedithiol, triethylene-glycol, 1,8-dibromooctane, 1-chloronaphthalene, 1-methylnaphthalene,
nitrobenzene, 4-bromoanisole and polydimethylsiloxane.

An effective solvent system for DPP based polymers has proven to be chloroform/o-
dichlorobenzene [36]. In fact, some DPP based polymers have been found to be well soluble in
chloroform but not in o-dichlorobenzene. The commonly used 1,8-diiodooctane (DIO) additive was

also found to be effective [27].
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Aiming to improve the nanoscale morphology of devices based on PSBDPP_C10C6 devices,
two industrially friendly additives have been tested in combination with o-xylene: 1,8-diiodoctane
(DIO) and 1-methylnaphthalene (MeNapht). The photovoltaic characteristics of devices fabricated
from an o-xylene/5% additive (V/V) are reported in Figure 4.6 and Table 4.3.

In this case, none of the two additives improved the overall device performance. In particular,
the photocurrent is strongly reduced compared to pure o-xylene and for MeNapht the Vo is also

significantly reduced.
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Figure 4.6 Dependence of Photovoltaic characteristics on additives used for the Active Layer coating.

Table 4.3 Photovoltaic characteristics of devices fabricated from o-xylene solution with different additives (% V/V).

Solvent Additive Jsc (mA/cm”) | Voc (V) FF PCE (%)
None 0.64+0.08 0.61+0.01 | 0.50£0.04 | 0.19+0.03
o-xylene | 5% Me-Napht | 0.33+0.01 0.48+0.02 | 0.48+0.03 | 0.07+£0.01
5% DIO 0.460.03 0.58+0.02 | 0.49+£0.03 | 0.13£0.01
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Figure 4.7 shows the J-V curves of representative devices for AL deposed from o-xylene
solution with and without additives. The only positive effect of the additive is to induce a higher Rsy

compared to pure o-xylene.
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Figure 4.7 Representative J-V curves of devices with active layer deposed from o-xylene solution and from 5% (v/v) of
methylnaphthalene/diiodooctane in o-xylene solution.

4.5 Spin-Coated Devices Under Inert Atmosphere

Due to the sensitivity of organic active layer materials to air and water, device fabrication
process was completely performed in a glovebox filled with nitrogen. Moreover, in order to minimise
the effects of drying rate and temperature on the active layer morphology and device performance, a
spin coater rather than a doctor blade was used as it has fewer parameters to control. Thickness was
controlled using variable spin speeds. Due to the aim to minimize oxygen exposure absorption spectra
were not taken and therefore a relative thickness calculated from spin speed is used to express the
thickness variation.

This experiment was conducted at the Institute of Materials for Electronics and Energy
Technology (i-MEET) of the Friederich-Alexander University of Erlangen-Nuremeberg, directed by Prof.

Christoph J. Brabec, in collaboration with Dr. Michael Salvador, Dr. Hans-Joachim Egelhaaf and Dr.
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Simon A. Dowland. The inverted devices were fabricated with the architecture presented in Figure

4.8.

Top Electrode

5mm

PEDOT:PSS
Polymer:PCBM
Zn0O

Glass/ITO

\

Bottom Electrode (Organic layer removed)

Figure 4.8 Schematic representation of the devices fabricated at i-MEET Laboratory.

The fundamental physical and chemical processes governing the spin-coating process and the
methodologies for the preparation of spin-coated polymer thin films have been the object of review
[37]. It has been shown that the approximate thickness of a spin coated layer can be expressed by
equation ( 4.1):

h =k,w* (4.1)
where k; and a are empirically determined constants and w is the angular velocity. The constants, k;
and a, are dependent on various parameters, including physical properties of the polymer, the
solvent, and the substrate, polymer/solvent interactions and solution/substrate interactions, and thus
also rheological properties. Some models further develop k; taking into account some of these
parameters, focusing on different aspects. By arbitrarily setting wg, it is possible to obtain the
corresponding hp and use it to express the relative thickness of films prepared at different w; as
multiples of hy. a is close to -0.5 for most polymer/solvent systems and for the raw analysis done, this

value was utilized. The obtained values are shown in Table 4.4.
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Table 4.4 Spin-speed coating and relative thickness of devices prepared at i-MEET laboratory.

FF

Figure 4.9 Dependence of photovoltaic characteristics of inverted devices with PSBDPP_C12:PC,;BM 1:2 (w/w) on active layer
thickness. The thickness is expressed as relative value, according to the different spin speed used during fabrication.
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Table 4.5 Photovoltaic characteristics of devices fabricated from o-Xylene solution.

Thickness | Jsc (mA/cm”) | Voc (V) FF PCE (%)
ho 5.910.4 0.54+0.05 | 0.58+0.02 | 1.7+0.1
0.7 hy 4.610.6 0.50£0.01 | 0.64+0.02 | 1.51£0.2
0.5 hy 4.210.2 0.51+0.01 | 0.65+0.05 | 1.410.1
0.4 hy 2.8140.3 0.52+0.01 | 0.63£0.06 | 0.9+0.1
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Figure 4.10 shows the J-V curves of representative devices for each different AL thickness. As
expected, the generated photocurrent rises with the thickness, while the Voc and the FF are not

affected.
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Figure 4.10 J-V curves of best devices depending on active layer thickness.

As compared to the fabrication procedure in air, many reasons account for the higher
performance of the devices prepared in an N, atmosphere. However it is hard to draw a conclusion
since two different deposition techniques were used that can affect the morphology as well as the
phase separation. Also materials from different producers have been used for the HTL and ETL layers

and the device area was about one third of the previous one fabricated at Belectric OPV GmbH.

4.5.1.1 Comparison with Chlorobenzene as Solvent System

On the basis of the encouraging results obtained for the devices prepared from xylene in the
glovebox, another commonly used solvent for device fabrication has been tested. Devices whose AL
was processed from chlorobenzene solution (10 mg/ml of PSBDPP_C12) show slightly worse
performance compared to the corresponding o-xylene devices (Figure 4.11). The same trend in

thickness dependence of the device properties is observed.
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Figure 4.11 Dependence of photovoltaic characteristics of inverted devices with PSBDPP_C12:PC¢,BM 1:2 (w/w) on active layer
thickness. The thickness is expressed as relative value, according to the different spin speed used during fabrication.

Table 4.6 Photovoltaic characteristics of devices fabricated from chlorobenzene solution.

Thickness | Jsc (mA/cm”) | Voc (V) FF PCE (%)
ho 5.2+0.7 0.49+0.01 | 0.57£0.05 | 1.5+0.3
0.7 hy 4.310.3 0.49+0.03 | 0.60+0.05 | 1.310.1
0.5 hy 3.3+%0.2 0.52+0.01 | 0.64+0.05 | 1.1+0.1
0.4 hy 2.9+0.3 0.50£0.04 | 0.55+0.04 | 0.710.2

Figure 4.12 shows the J-V curves of representative devices with AL of different thickness. All
the curves show a diode-like behavior, with the thinnest which shows a lower Rsy compared to the

others, visible from the reduced FF and the slope of the curves for negative bias.
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Figure 4.12 J-V curves of best devices depending on active layer thickness from chlorobenzene solution.

4.6 Which is the limiting factor?

As described in the introductive chapter, the efficiency of an OPV device can be expressed as a
function of V¢, Jsc and FF. The FF does not appear to be the limiting factor, since it ranges between 50
and 60% for most of the devices. When the values are lower, either high Rsy or low Rs are generally
associated with the J-V curves.

From the energy levels of the polymers (Figure 4.13), it is possible to predict an approximated

value for V¢ (equation ( 4.2)) [38]:
1
Voc = ;(|Egg71\fzoor| - |E55§;5MD —03V (4.2)
where e is the elementary electron charge (1.6 10™ C), ERSRT is the HOMO of the donor polymer

(eV), Efgf,}gM is the LUMO of the PCs:BM (acceptor) and 0.3 V is an empirically determined factor.

The observed Vpc (0.5-0.6 V) is lower compared to the theoretical value (0.8 V) calculated from

equation ( 4.2 ), but the difference is too small to justify the reduced performance.
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Inverted geometry layer stack
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Figure 4.13 Energy levels of materials in the layer stack. For the PSBDPP series the levels have been determined by CV, while for the
other materials the values are taken from literature.

On the other hand, the photocurrent observed in the J-V curves is much lower than the
maximal theoretical value calculated from the superposition of the solar photon flux and the AL blend
absorption as described in the introduction (Figure 4.14). Using the absorption spectra is a raw
approximation, since not all the absorbed photons are converted into electrons and in order to obtain
a more precise calculation the External Quantum Efficiency (EQE) should be considered instead. The
EQE is a device measurement, which describes how much of the incident photons are converted to
current accounting for factors such as morphology, layer thickness, carrier mobility, carrier lifetime,

and reflection losses ignored when using A (%).
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Figure 4.14 Photon flux (black line, left axis), PSBDPP_C12:PC4,BM 1:2 absorption (%) (red line, right axis) and maximum
photocurrent (blue line, right axis) that can be achieved. The photocurrent was corrected with respect to the blend absorption, which
is a fraction of the photon flux.

EQE was then measured for all different devices and one of the best devices fabricated at i-
MEET is reported in Figure 4.15 (red line, right axis) together with the absorption (%) of a
corresponding PSBDPP_C12:PCs:BM 1:2 (m/m) film (black line, left axis). Similar figures for all devices

presented are reported in Annexe 2.
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Figure 4.15 Absorbance (%) of PSBDPP_C12:PC¢;,BM 1:2 (black, left axis) and corresponding External Quantum Efficiency (EQE) (red
line, right axis).
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Figure 4.15 shows that the photocurrent is well below the absorption for all wavelengths. In
particular, where the donor has its maximum absorption the produced photocurrent is even lower.

In order to understand the reason behind this low photocurrent, three factors were
investigated: (i) hole mobility of PSBDPP_C12 was measured in Organic Field-Effect Transitor (OFET) in
bottom-gate bottom-contact (BG-BC) configuration; (ii) blend morphology was mapped by AFM; (iii)
charge carrier recombination was studied by Transient Absorption Spectroscopy (TAS). The results

obtained are discussed in the following sub-sections.

4.6.1 Hole mobility
In order to establish the contribution of hole mobility to the low photocurrent observed, the

field effect mobility of neat PSBDPP_C12 was measured.
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Figure 4.16 Output (a) and transfer (b) characteristics of a 20 pm channel length bottom-gate bottom contact organic field-effect
transistor based on PSBDPP-C12. In (b), left axis is in the logarithmic scale.

Output characteristics of a 20 um channel length device are depicted in Figure 4.16-a which
shows typical p-type behavior, while n-type behavior was not observed. Transfer characteristics also
show a typical p-type behavior (Figure 4.16-b). The extracted mobility (from the saturation regime at
Vp=-60 V), threshold voltage (Vi) and lon/lofr were 102 em?v!s?, 10.39 V and 4.5 x 10° respectively.
For the average mobility, Vi, and lon/lof the values were (9.5%0.9) 10° cm?vis? 8.09+2.4 V and
(3.75+2.18) 10° respectively.

These values are similar to the ones reported for other LBGs such as PSBTBT (pn = 102 cm?-V/
L.s1) [39], PCPDTBT (pn = 102 cm? V' s%) [40], PCPDTDPP2T (i, = 0.5-2.1 10° cm?V'1:s™, for different
alkyl chains) [41] and many others reported in reference [42]. For PSBTBT and PCPDTBT a hole

mobility in polymer:PC;:BM of, respectively, 10? and 3 10™* cm? Vs was reported [39], and it has
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been demonstrated to be similar in the case of polymer:PCs:BM [40]. So, the hole mobility does not

appear here to be the limiting factor of the device performances.

4.6.2 Morphology of the blends
To investigate the morphology and phase separation of PSBDPP:PCs;BM blends, clean glass
slides were coated by doctor blading at 25 °C under the same condition as for the devices. The surface

topography was investigated by AFM. The corresponding AFM micrographs are shown in Figure 4.17.

C; 1: Height 50um
PSBDPP_C12:PCBM 1:2 100mm PSBDPP C10C6 PCBM 1:2 xI PSBDPP_C16:PCBM 1:2 500m
300mVv 1158mV

8: Peak Force 50um

-30.0mV -107.2mV -50.0mV

Figure 4.17 Peak-force height (top) and Peak Force (bottom) micrographs (5.0x5.0 @m, z scale reported for each image) of
PSBDPP:PCy;BM (1:2) blends: PSBDPP_C12:PCy;BM (left), PSBDPP_C10C6:PC¢;BM (center) and PSBDPP_C16:PCg;BM (right).

The phase separation varies significantly for the different PSBDPP:PCs;;BM blends.
PSBDPP_C12:PCs:BM blend showed a more flat and homogeneous surface with respect to
PSBDPP_C10C6 and PSBDPP_C16:PCs;;BM, where the phase segregation is stronger and results in
large features up to 0.3-0.5 um in diameter.

This difference in morphology can be related to the different performance in devices of

PSBDPP_C12 and PSBDPP_C10C6. The higher smoothness and homogeneity of the first one, suggest a
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more intimate mixing that can be correlated with the increased Jsc. On the other hand, the latter
exhibits large features of a few hundreds of nanometers in diameter and a height difference close to
200 nm, which renders the film (not supposed to be much thicker) very rough and inhomogeneous.
Similar cases were reported in the literature [21]. One of the most relevant cases was reported by
Zoombelt et al. [41]. They synthetized DPP-cyclopentadithiophene and DPP-fluorene LBGs with
different alkyl side chains, finding a good field-effect mobility for all of them, but very variable device
performance. A study of the morphology and phase separation revealed how the poor device
performances were related to inhomogeneity of the films. Another important observation, by
systematically varying coating parameters and solvent system, they were able to modify the
morphology.

The active layer phase segregation appears to be an important limiting factor.

4.6.3 Charge Carrier Recombination

In order to investigate the charge carrier behavior, femtosecond transient absorption
spectroscopy (TAS) was employed. This technique was chosen since it gives access to important device
parameters such as yield of immediate charge carrier formation (from interfacial charge transfer
states), yield of delayed charge carrier formation (due to exciton diffusion to interface), picosecond
recombination losses, etc. It is also a useful tool to understand their mechanism (CT states, triplet
states, etc.). These experiments were performed by Shafakath Karutedath (ESR4) at IMDEA
Nanociencia.

Figure 4.18 shows the picosecond TA spectra obtained after 400 ps of a pump and probe
interaction [excitation wavelength 387 nm (red) and 775 nm (black)]. This timescale was chosen since
it ensures that all the singlet excitons are quenched and the remaining states are long lived [43]. The
band at 0.9 eV has been assigned to singlet states, since it comes first and it is also present in the
polymer films only; the band at 1.05 eV has been assigned to pure polarons while the one at 1.24 eV

contain triplets, polarons and singlets together.
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Figure 4.18 Picosecond pump probe spectra after 400 ps at different excitation wavelengths. Black curve represents the spectra for
an excitation at 775 nm and the red curve for one at 387 nm. (Data produced by S. Karutedath).

Figure 4.19 shows the TA spectra of a PSBDPP_C12:PCs;BM film, excited at 387 nm (left) and

775 nm (right). Excitation at a wavelength of 775 nm, results in ultrafast triplet production from

geminate recombination, while pumping at 387 nm leads to the formation of stable charges, with

triplet states which are formed on a much slower time scale.

Pumping at 387 nm
Time-resolved spectrum

50000 100000150000 200000250000300000350000
Pump-probe delay (fs)

Pumping at 775 nm
Time-resolved spectrum

Figure 4.19 Picosecond TA spectra of PSBDPP_C12:PC¢,BM films at 387nm (left) and 775nm excitation (right). (Data produced by S.
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Figure 4.20 shows the picosecond TA spectra of neat polymer (top) and blend (bottom),
excited at 387 nm (left) and at 775 nm (right). In this case, the timescale of the spectra was limited at
3000 ps, to put in evidence the generation phenomena. Upon PSBDPP_C12:PCs;BM blend excitation
at 775 nm, there is no sign of geminate recombination, while, upon excitation at 387 nm, singlet,
polaron and triplet states are created all at the same time. A tentative possible mechanism from these
first results could be that excitons on PCs;:BM are converted into polarons on a 100 ps timescale, to
furtherly evolve into triplets after 200 ps. Further experiments are planned to gain a better
understanding of charge carrier dynamics for all the PSBDPP series.
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Figure 4.20 Picosecond TAS for neat PSBDPP_C12 (top) and PSBDPP_C12:PCy;BM blend (bottom), excited at different wavelengths
(387 nm, left; 775 nm, right). Spectra are reported up to 3000 fs to put in evidence the generation phenomenon. (Data produced by
S. Karutedath).

To confirm the late generation of polarons (in particular from PCg;BM, since the excitation
wavelength is 387 nm, where PCg;BM has significant absorption), in Figure 4.21 the time traces at
1000 nm for both 387 nm (black) and 775 nm (red) excitations are reported. Figure 4.21 clearly shows
the additional delayed long-lived state generation upon excitation at 387 nm, whereas for 775 nm

more than 60% of the initial population disappears within the first few picoseconds, suggesting the
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presence of ultrafast recombination channels. These findings could explain the discrepancy within the
EQE spectra, which show high photocurrent generation at 400 nm and not at 775 nm, where the

polymer absorbs maximum light.
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Figure 4.21 Normalized time resolved TA transients at 1000 nm for 387 nm and 775 nm excitation. (Data produced by S. Karutedath).

4.7 Conclusion

Two of the polymers synthetized, PSBDPP_C12 and PSBDPP_C10C6, were used in inverted
architecture devices. The devices showed limited performance under different processing conditions.
The morphology of the active layer was found to be the major limiting factor. Opposite behavior was
observed for both polymers with respect to the coating temperature, which determines the drying
kinetics. PSBDPP_C12 is best performing when coated at room temperature, while with
PSBDPP_C10C6 best performances were achieved for high temperature deposition. Since
PSBDPP_C12 showed largely better characteristics, devices were prepared under inert atmosphere
with the active layer deposited by spin-coating. These new conditions led to a further improvement of
the photovoltaic characteristics, nonetheless, low photocurrent was still observed. To understand the
reason behind it, charge carrier mobility, morphology, phase segregation and charge carrier behavior
were investigated. The results showed how, despite favorable energy levels and good charge carrier
mobility, unfavorable morphology and charge recombination limit the photocurrent and thus device

efficiency.
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5 Mechanical Integrity of OPV Devices

5.1 Introduction

It has been long known, that inorganic PV thin films exposed to tensile and compressive stress
experience increased series resistance, notably due to cracks, as well as to layer delamination [1].
Mechanical integrity of thin-film multilayered structures is generally difficult to maintain as these
systems are made of stacks of layers possessing different thicknesses, different chemical, physical and
mechanical properties [2]. As a consequence of these different intrinsic material properties and of the
manufacturing procedures, residual strains and stresses are present in the layer stack. Under
operative conditions, further thermal and mechanical stresses (such as compressive strain or
bending), can be developed. The synergistic effect of these different stresses, which vary for each
layer, and of defects present in the inorganic layer can lead to a loss of mechanical integrity. The
fracture can be due either to cohesive failure modes (cracks) or to adhesive failure modes (buckling
and even cracks and delamination), in the case of low interlayer adhesion [3].

Considering the similarity in terms of sample structure and material properties mismatch, OPV
modules are extremely likely to undergo the same kind of mechanical integrity loss as PV thin film
modules of other technologies. This possibility have been foreseen almost 10 years ago [4], based on
observation of OLED device degradation [5]-[11]. Depending on the materials and device architecture
(interfaces and diffusive path) considered, several degradation mechanisms can concur to the
delamination process. When degradation occurs at the AlL/electrode interface, the desired interface
properties are diminished resulting in less active area and in a reduction of the charge transfer and
extraction. This reduction of AlL/electrode interface can be due to both physical loss of contact
between the two layers (by delamination [5] or creation of voids [6]) or to chemical reactions at the
metal electrode surface, which form electrically insulating patches [7]-[9]. More often is the
combination of both chemical and physical factors. Diffused water can react at the Al/electrode
weakening the interface, that, for long exposure times or when mechanical stresses are present,

which can lead to delamination [10] [11].
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Figure 5.1 a) Relative resistance of ITO and PEDOT on flexible PET substrates during repeated bending (insets: optical microscopy
images of ITO and PEDOT films after the bending test) and optical microscopy images of b) an active layer in a conventional ITO-
based OSC, c) a metal cathode in a conventional ITO-based OSC, d) an active layer in IFOSC with a PEDOT anode, and e) a metal
cathode in ITO-Free OSC (IFOSC) with a PEDOT anode (scale bars: 100mm) (insets of (c) and (e): surface profiles of the metal cathodes
in a conventional ITO-based OSC and in a IFOSC after the bending test) [12].

Early examples from the literature focused mainly on organic/inorganic interfaces and their
property mismatches [6], [12]. Na et al. [12] reported on the different mechanical stabilities of ITO
and ITO-free flexible devices (Figure 5.1), showing how the different nature of the conductive
PEDOT:PSS (polymer blend) and of the ITO (brittle crystalline material) can enhance the mechanical
stability of the device. In a similar way, Lloyd et al. [6] studied the effect of a PEDOT:PSS as HTL in
inverted device architecture under photo-oxidative conditions (Figure 5.2). Upon ageing, there is a
loss of active area that has been attributed to delamination. The presence of the HTL strongly reduces
the loss of active area and change its occurrence, which is not evenly distributed as in the case of bare
Ag contact, but it develops from the edges and through pin-hole defects already present in the

pristine samples.
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Figure 5.2 Light beam-induced current (LBIC) maps for (a) an inverted device with a PEDOT:PSS HTL and (b) inverted device with bare
Ag contacts, both before aging. LBIC measurements were collected for the same diodes after prolonged exposure to illumination for
(c) the PEDOT:PSS containing device and (d) the device without an HTL. The magnitude of the current in device (d) was scaled by a
factor of 30 in the image in order to be visible on the same scale bar as in (b) [6].

These few publications only reported on the observation of loss of mechanical integrity,
without any particular measure of adhesive properties of the materials or of the layer stack. This
research field was explored mostly in the last three years and a literature survey is presented.

The structure of this chapter is organized with a first introduction to general concepts and
theories about adhesion and techniques commonly used to measure adhesion energy and adhesion
strength. Then the state of the art regarding OPV will be presented through a review of the recent
literature. Following the development of a new experimental set-up, alternative to the ones present
in the literature, is described. The last two paragraphs describe the results concerning two different
approaches adopted to enhance the adhesive properties, chosen within the ESTABLIS project
framework: the development of a new PEDOT:PSS formulation [Dr. Stefan Schumann (ER4) at
Heraeus Deutschland GmbH & Co. KG] and the introduction of a block copolymer interlayer [Joanna
Kolomanska ESR7, Aston University]. Aurélien Tournebize (ESR10, Eberhard Karls Universitat
Tiibingen) was fully involved in the characterization of the produced samples and in the following
scientific discussions. The complete description of their results is discussed in each individual thesis,

here only the most relevant data are reported.
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5.1.1 Classic Adhesion Models

In the last century, many theories have been presented to explain the adhesion phenomenon
in different situations. These classic models originated at a time when there were few, if any,
experimental techniques available to study surfaces and interfaces at the nanometer level. Nowadays,
we have a clearer understanding of the interfacial region, and a better knowledge of how it affects
adhesion. One consequence is that plausible speculation can be made about adhesion mechanisms.
For example, it is known that to a changing of surface roughness corresponds a variation of the
chemical environment of its surface atoms and molecules. Thus, changing the roughness changes the
local chemistry, which will affect the adsorption properties of the surface.

In order to split a solid, the attractive forces which ensure its cohesion must be broken,
creating, in the meantime, new surfaces. The work to create a new surface, maintaining the
thermodynamic equilibrium, is proportional to the surface energy (equation 5.1 ):

dw =y - dA. (5.1)

where y is the surface energy of the solid and dA is the corresponding increase in area.
The adhesion forces which act between the surfaces of two different solid bodies in contact is
given by the Dupré equation (5.2 ):
Wiz =v1+7V2— V12 (5.2)

where W, , is the work of adhesion, y;and y, are the surface energy of the two solids and y; , is the
interfacial energy.

For a molecular solid, only van der Waals forces are present and the relative surface energy is
weak. However, if the solids are ionic, covalent or metallic, most of the work is done against strong
chemical bonds, and the corresponding surface energy is high. So the surface energy of a solid reflects
the nature of the bonds between the constituting atoms. In case of different materials joined at the
interface, their adhesion energy can be somehow foreseen considering the surface energies of the
two individual solids. If two solids have comparable surface energies they will be “compatible” or
more keen to establish interactions that improve the interfacial adhesion. The Dupré equation ( 5.2 )
has barely any practical use, since surface energy y; , is not known for most of the interfacial systems.

Often, the approximated expression ( 5.3 ) is employed:

Wiz =Cn(yi +7v2) (5.3)

154



5 Mechanical Integrity of OPV Devices

where C,, is the compatibility parameter, which characterizes the affinity between the two materials.

Each of the classical theories emphasizes a different aspect of a more comprehensive model,
which, in principle, relates molecular dispositions in the region of the interface to macroscopic
properties at the interface. A brief overview of these theories is illustrated in the following [13] [14]
[15] [16].

The mechanical coupling or interlocking adhesion mechanism (Figure 5.3-a) is based on the
mechanical interlocking of polymer into the pores and other superficial asperities of a substrate.
Nowadays, the contribution of interlocking to explain adhesion is under debate. It is still believed that
mechanical interlocking provides higher adhesion strength, but often the roughening of the surface is

considered as only a mean to increase the surface area, to enhance molecular bonding interactions.
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Figure 5.3 Schematic representation of classic models: a) mechanical interlocking; b) electric model; c) weak boundary layer; d)
chemical adhesion; e) diffusion model; f) adsorption (or wetting) model.

The electrical adhesion mechanism (Figure 5.3-b) is valid for two materials joining at the
interface having two different band structures such that at contact there is a mutual sharing of

electrons. The system is treated as a plate capacitor, whose plates consist of the electrical double
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layer which occur at the interface. The adhesion energy is considered equal to the energy of
separation of the two plates.

The original theory of weak boundary layers (Figure 5.3-c) has been completely abandoned. It
was important as it was thought that the interface between adhesive and substrate would not fail,
but that failure was due to the formation of a weak boundary layer. Still, the presence of interfacial
layers can be of great importance in determining the overall adhesion; adsorbed water, cohesively
weak oxide layers, grease and other contaminants, generally have a negative effect on adhesion. The
removal of such weak boundary layers through surface treatment or an effective displacement of the
boundary layer by interface engineering, can significantly improve the adhesion properties.

Chemical adhesion (Figure 5.3-d) occurs when the surface atoms of two separate surfaces
form ionic, covalent, or hydrogen bonds. A network of these bonds effectively links the surfaces
together. A most general model of molecular bonding, in addition to the chemical bonds, includes
relatively weak intermolecular forces such as dipole-dipole interactions, van der Waals forces, London
forces, etc. These attractive forces are effective over only very small distances (less than few
nanometers), this means that, even if strong, these bonds are fairly brittle, since the surfaces need to
be kept close together. One example is the grafting of end-functionalized polymer (silane, phosphonic
acids, thiols,...) on metal oxides or oxidized surfaces (SiO,, TiO,, ZnO, ITO, Al,03, Fe,0s3,...), on carbon
surfaces (graphene, carbon nanotube, diamond,...), on metals and alloys (Au, Ag, Pt, Cr, Cd, CdSe,
CdTe...) [17]. Another example is the case of polymer-metal interfaces. From a structural point of
view, the creation of such interfaces involves the passage from a crystalline metal structure to a
complex molecular polymer structure. Chemical bonds are formed at the interface, usually as a result
of a charge transfer from the metal to the polymer. In the case of aluminum deposited onto oligo- and
polythiophene [18], it has been shown that C(sp?)-Al and S-Al charge transfer complexes are formed.
The existence of analogous metal complexes by charge transfer from the metal to the polymer has
been observed for several other metals (such as Na, Ca, Rb,...) and oligomers and polymers [such as
diphenylpolyene, poly(p-phenylenevinylene) and its derivatives] seems to be a general characteristic
of this type of interface.

In the diffusion model (Figure 5.3-e), adhesion of two macromolecules in intimate contact
results from the interdiffusion of the molecules of the superficial layers. Diffusive bonding occurs

when species from one surface penetrate into the other surface, while remaining bound to the
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original phase, forming a transition zone, or interphase, of the two materials. This may occur only
when the two materials are mutually soluble and the species have high enough mobility. This
mechanism is at the base of sintering of metals and ceramics particles and could also be effective for
polymers. Diffusive bonding in polymer-on-polymer surfaces can be obtained when sections of
polymer chains from one surface interdigitating with those of an adjacent surface.

The adsorption model (Figure 5.3-f) emphasizes the point that once a liquid and substrate
come into contact, attraction forces will act between them. As long as the extent of wetting is good,
these forces, whether primary bonds, such as covalent, or secondary van der Waals forces, are
generally considered sufficient to give a high bond strength. In the case of two solids, different
theories have been proposed for the characterization of the contact adhesive interactions. Two
bodies in contact deform as a result of either external or surface forces. The original theory of contact
of two elastic bodies was proposed by Hertz, who solved the contact problems of an elastic sphere
versus an elastic half-space, and two elastic spheres [19], assuming that there is no adhesion between
two elastic spheres in contact. The Johnson-Kendall-Roberts (JKR) model [20] describes the contact
between soft materials with short range, strong adhesion forces, and large tip radii. In contrast, the
Derjaguin-Muller-Toporov (DMT) model [21] applies to adhesion between stiff materials with long
range, weak adhesion forces, and small tip radii.

In this regime, the adhesion forces can be estimated by the following two limiting cases: the
Johnson-Kendall-Roberts (JKR) model, which applies when the adhesion forces are short range
compared to the elastic deformation they produce (soft material with strong adhesion), and the
Derjaguin-Muller-Toporov (DMT) model, which describes the case of long range surface forces with a
Hertzian geometry (stiff materials, weak adhesion forces). Intermediate between the JKR and DMT

models, the Maugis-Dugdale (MD) model [22] proposes an analytical solution (Figure 5.4).
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Figure 5.4 Comparison between the different contact mechanics models [23].

5.1.2 Adhesion Testing Techniques

In this sub-section, some of the most diffused techniques used to test the adhesive properties

of films will be presented [16] [24]. The peculiarities, advantages, as well as the limits of each

technique will be briefly discussed.

5.1.2.1 Peel Test

The peel test is the most common test for flexible coatings. The standardization and

guantification of the test were achieved by the use of an appropriate tensile test apparatus that

allowed to apply the peel load maintaining the required peel angle. The peel test can be performed at

F F
A A
(a) 90 degree peed test (b) 180 degree ped test

Figure 5.5 Two different geometries of the Peel Test: a) 90
degrees and b) 180 degrees.

any angle between 0 and 180 degrees. Unless
particular geometric restrictions imposed by the
samples or the apparatus, 90 and 180 degrees are
the most common angles for testing (Figure 5.5).
However, from an analytical point of view, the
systematic variation of the peel angle can provide
information on the effect of mode mixity on peel
strength. During the peel test, the interfacial region

is subjected to both tensile and shear strains. The

ratio of these two loading types is loosely referred to as the loading mode mixity. The importance of
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knowing the mode mixity stems from the fact that the apparent adhesion strength of many coatings is
sensitive to the mode mixity.

Usually, sample preparation is very simple and straightforward and when used for semi-
guantitative measure of the coating adhesion to the substrate, which can be readily used for ranking
or quality control purposes. A further advantage of this test is the fact that the rate of delamination
and the locus of failure can be controlled fairly precisely. This stems from the fact that a very high
stress concentration exists at the point where the coating just lifts off the substrate. This tends to
narrowly focus the failure region very close to the geometric interface between coating and substrate,
which is the region of most interest in any adhesion test. Since the rate of delamination can be
precisely controlled by the test equipment, studies of the rate dependence of adhesion strength can
be easily carried out.

However, when trying to ascertain whether the coating will survive a given set of end-use
conditions, several problems arise. The main issue is the fact that the peel test subjects the coating to
very high strain levels near the peel bend, which most coatings never undergo under common end-
use conditions. Thus, it is clear that peel test results can present highly misleading estimates of the
actual adhesion strength of a coating when subjected to realistic end-use conditions. Further
limitations of the peel test stem from the fact that it is applicable only to tough flexible coatings. A
number of other drawbacks and limitations apply to the peel test, including difficulty in initiating a

peel strip for coatings with strong adhesion and controlling sample-to-sample variability.

5.1.2.2 Tape Peel Test

The tape peel test is a rough-and-ready version of the standard peel test. Its main advantage is
the ease of sample preparation. In a typical application, a strip of special tape is applied to the coating
to be tested in a predefined manner. The main issue is to be as consistent as possible to achieve
reproducible results. The tape is subsequently peeled off in a prescribed fashion, and the test surface
is then inspected to check the resulting damages. At the purely qualitative level, the experiment gives
an indication whether the adhesion of the coating is acceptable or not. A number of techniques have
been introduced to give a semi-quantitative result by quantifying the level of partial damage of the

surface.
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5.1.2.3 Pull-off Test

Similarly to the peel test, the pull test is a general method to evaluate the adhesion of coatings
to a variety of substrates, in a qualitative or semi-quantitative way. It is applicable to both brittle and
flexible coatings and substrates and the sample preparation is relatively easy. As a drawback, the data
analysis is difficult, especially for quantitative measurements. This is due to the rapid and
uncontrollable failure mode that cause a wide scatter in data. It has been speculated that, in most
cases, the failure mode in a given pull test experiment is determined by a preexisting distribution of
flaws in the sample. The applied stress field finds the largest, weakest defect in the sample and the
failure initiates at this point. It then rapidly propagates to complete separation of the pull stud from
the sample surface.

As for the peel test, the pull test involves two additional materials besides the specimen under
investigation. The test stud itself is usually made of a high-modulus metal or ceramic material and in
the case of flexible coatings can be considered perfectly rigid. An adhesive, often an epoxy glue, is
then required to attach the stud to the specimen surface. The adhesive properties should always be
considered into the analysis. Once the stud is properly linked to the surface, it is pulled-off under

controlled conditions (Figure 5.6-a).

Pull-off Force

a) b) c)

Adhesive Pull-off Force  Pull-off Force

N

Substrate

Figure 5.6 a) Schematic representation of the Pull-Off Test; b) development of a bending moment during testing and c) adhesive
inhomogeneity that leads to voids.

During the pulling, a series of experimental issues may occur. Unless the stud and the load are

orthogonal to the surface, there can be an off-axis component that can impose a bending moment to
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the sample, in addition to the tensile load (Figure 5.6-b). Moreover, any real sample will not be
uniformly bonded (Figure 5.6-c), and the applied stress field will be influenced by any defects or
bonding weaknesses. The failure starts at the weakest point in the structure and then propagates at
acoustic velocities to complete separation. It can occur either adhesively at any of the three sample
interfaces or cohesively inside any of the bulk materials. The most common failure is a mixed-mode
interfacial and cohesive fracture.

Given these complexities, typical pull test data show a wide scattering. Multiple tests must be
run at any given condition, and data censoring techniques have to be applied to eliminate unwanted

failure modes.

5.1.2.4 Beam-Bending Test

There are many different tests for measuring adhesion based on the relatively simple
mechanics of the elastic beam. This geometry enables simplify the analysis for the stress intensity
factors and the strain energy release rates that drive the delamination process. The key advantage of
having a simple geometry, also leads to the main disadvantage of these tests, which is the very limited
sample geometries that can be investigated. The second issue is if and when this test represents the
stress/strain loading environment experienced by the sample. In particular, when the main mode of

failure is through internal stresses, the

Preset
Fl cut lF delamination process is driven mainly by the
N
a) Four point bend Bz elastic energy generated by the stresses. In
s A . .
Knife Knife these cases delamination process occurs under
edge edge

near-infinitesimal strain conditions, while, in all

P , of the beam-bending tests, the delamination
Standard double | Adherend aoheglie
Stand ¢ *, process is driven by external loading at

b)

cantilevered beam |9 Adherend
J, p important levels of deformation and strain. Even

Figure 5.7 Two different Beam Bending Technique: a) Four point  if the level of deformation is far from that
bend and b) standard double cantilever beam.
generated by a peel test, this still calls into
guestion the relevance of beam-bending data for certain situations.
One example is the four-point bend test. In this test, a cut is first made in the coating down to

the underlying substrate and a bending load is then gradually applied (Figure 5.7-a). The singular

stress field at the edge of the cut eventually drives a delamination, giving rise to a crack that can later
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lead to spoiling of the coating. The four-point bend test is favored largely when interested in
obtaining fully quantitative information on the adhesion strength of coatings by taking advantage of
the relatively simple beam mechanics involved in the fracture analysis of this problem. One of the
problems encountered, was the fact that some structural adhesives showed significantly different
strength properties in thin layers and in bulk samples. The cantilevered beam configuration (Figure
5.7-b) solved this problem, maintaining a relatively simple analysis of the results. The sample is
prepared by carefully gluing two identical beams of the substrate material to a thin layer of the
material under test. Great care must be taken regarding the surface preparation and cleaning of the
beams and controlling the thickness and cure conditions of the adhesive. A spacer is used to set the
layer thickness and provide the initial crack from which the fracture propagates. The sample is then
mounted in a standard tensile testing apparatus in which the load-displacement behavior can be
carefully determined.

It is clear that the main advantage of using any of the beam-bending tests is that they are all
valuable to quantitatively assess the fracture mechanics. The mechanics of bending beams was one of
the earliest and quite likely the most studied topic in applied mechanics. Thus, it is fairly easy to
convert load-displacement data into the corresponding fracture toughness or surface fracture energy,
which are relevant to the adhesion failure process under investigation. This type of data is especially
important as input to detailed fracture mechanics-based models, which attempts to predict the

failure of structures based on geometry, material properties, and loading conditions.

5.1.2.5 AFM application in Thin-Film Adhesion Measurement

Atomic force microscopy (AFM), together with the scanning tunneling microscope (STM) and
the scanning near-field optical microscope (SNOM), belongs to a series of scanning probe microscopes
invented in the 1980s. AFM allows the imaging of the topography of surfaces, up to molecular or
atomic resolution. In the AFM the sample is scanned by a tip, which is mounted to a cantilever spring.
While scanning, the force between the tip and the sample is measured by monitoring the deflection
of the cantilever. A topographic image of the sample is obtained by plotting the deflection of the
cantilever versus its position on the sample.

Another major application of AFM is force spectroscopy [25], whose main focus is to study
surface forces. A vibrational mode normal to the surface is imposed to the AFM tip. Vertical position

of the tip and deflection of the cantilever are recorded and converted to force-versus-distance curves,
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briefly called “force curves”. The forces relevant to AFM are ultimately of electromagnetic origin, but
distinct intermolecular, surface and macroscopic effects give rise to interactions with different
dependencies. Therefore it is fundamental to understand the different components of the force.
Various models [26] [25] are commonly used in the literature, such as the Hertz model (elastic
deformation without adhesion), the Derjaguin-Muller-Toporov model (elastic deformation with
adhesion, applicable for small tips and soft samples with small adhesion), the
Johnson—-Kendall-Roberts (JKR) model (elastic deformation with adhesion, applicable for large tips and
soft samples with a large adhesion) and the Maugis model (can be applied to any system, with both
high and low adhesion) (Figure 5.8 and Table 5.1 from [27]).

AFM tips are usually made of brittle crystal materials, such as Si or SisN4. To study the
adhesion of two different materials functionalized tips have been introduced [28]. Also for this so-
called Chemical force microscopy, the same models have been used to understand the

force/deflection curves.

Table 5.1 Characteristics and restrictions of the different contact mechanics models applied for AFM adhesion studies.

Model Assumptions Restrictions

Not applied to small loads in the
presence of surface forces

Long-range surface forces act only outside the contact | Contact area can be decreased due

Hertz No surface forces

DMT . . -
area. Model geometry is as in the Hertz model to the limited geometry.
IKR Short-range surface forces act only within the contact | Force magnitude can be decreased
area due to surface forces.
. . . . . The solution is analytical but
Maugis Tip-sample interface is modeled as a ring. y

equations are parametric.
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Figure 5.8 Force vs distance curves in the different contact mechanics model applied. The curves in the Ill and IV quadrants of the
Cartesian system represent the deviation of each model from the pure elastic contact mechanics (Hertz).

5.1.3 Adhesion of Organic Electronics Materials

Thin film mechanical properties of conjugated polymers and molecules have been studied
mainly by AFM nano-indentation [29]. Li et al. [30] were also able to correlate photovoltaic and
mechanical properties of P3HT:PCs:BM layers processed in different ways, finding that to the layers
with lowest Young’s modulus (20.73 GPa) and hardness (649 MPa) corresponded the devices with the
best PCE. Another technique utilized to characterize thin film properties is the buckling method, which
consists on deposing the layer on a compliant PDMS substrate and then apply a compressive strain on
the thin film-PDMS stack resulting in a characteristic buckling pattern [31]. Many materials for organic
electronics (such as rr-P3HT, P3HT/PCs;BM, PEDOT, PSS and PEDOT:PSS [32]) have been investigated
by this method. Awartani et al. [33] found that the best photovoltaic properties corresponded to the
higher Young’s modulus (1.97 GPa).

Concerning adhesive properties of these materials, very few studies have been published. In
one of these, Tong et al. [34] [35] investigated the adhesive interactions between many organic and
inorganic materials for two orders of magnitude higher than any other couple. This difference shows
the limits of the technique and of the theoretical model and the need of further investigations and
theoretical background.

Very recently, Wood et al. [36] reported a new method which allowed them to simultaneously

measure electrical space-charge-limited current and material properties, such as Young’s modulus
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and surface adhesion, all with nanoscale resolution. The force-volume bias spectroscopy (FVBS)
combines arrays of force-distance and current-voltage curves acquired simultaneously, allowing the
investigation of spatial heterogeneity and statistical analysis of correlations between material
properties. In particular, the dependence between Zero Field Mobility and Adhesion force and their
dependence on temperature of P3HT [36] have been studied. Mobility steadily increases with
temperature, while the adhesion force decreases to reach a minimum at 90 °C, it rises again to the

initial value and it finally drops dramatically at 140 °C.

5.1.4 Adhesion in OPV Devices

It is well known that the processing yield and the long-term reliability of multilayer electronic
devices are strongly influenced by the adhesive and cohesive properties of internal bi-materials and
thin films [2]. While the electrical failure mechanisms in OPVs have been thoroughly investigated,
little is known about their mechanical stability, which is critical to ensure long term reliability. The
intrinsic thin films stresses of each layer present in organic solar cells, in combination with other
possible fabrication, handling and operational stresses, provide the mechanical driving force for
delamination of weak interfaces or even their decohesion, leading to a loss of device integrity and
performance.

Prof. Dauskardt’s group at Stanford University recently extended its research interest toward
organic photovoltaics. They investigated the dependence of adhesion/cohesion properties in BHJ
devices on architecture; processing (deposition as well as post-deposition); materials for the active
layer and hole transporting layer; different layer stresses; humidity and so on.

To investigate these properties they used two beam-bending techniques, furtherly developed
and adapted inside the group: four-points bending and double cantilevered beam test (Figure 5.9). As
aforementioned, these techniques give results which allow to build specific fracture mechanics
models, developed based on the material properties. The complete description of these models is out

of the scope of this introduction and only the main results will be presented.
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Figure 5.9 Four point bending and double cantilevered beam utilized to measure adhesion energy in OPV.

In one of their first publications [11], Dupont et al. investigated interlayer adhesion in inverted
polymer solar cells, depending on the deposition technique (spin, spray or slot-die coating) of the
active layer, on both flexible and non-flexible substrates. They observed the same adhesive failure at
the interface between active layer (P3HT:PCBM) and hole transporting layer (PEDOT:PSS), suggesting
a material-dependent mechanism. They also investigated the effect of temperature, solar irradiation
and humidity on the adhesive and cohesive properties at this same interface. Annealing increased the
adhesion significantly; this was attributed to the thermal induced changing in the active layer
morphology and of the chemical properties at the interface. Solar irradiation on fully encapsulated
solar cells had again an enhancing effect on the adhesion properties; this was still attributed to the
heat generated from IR radiation. Finally, the combined effect of stresses and humidity greatly
accelerates the decohesion rate in the hygroscopic PEDOT:PSS layer: water easily diffuses through the
layer and breaks the hydrogen bonds formed between PEDOT:PSS grains.

Subsequently, they investigated the adhesive properties in roll-to-roll processed flexible
inverted solar cells [37]. The same results were achieved, the weak point was still the interface
between AL (P3HT:PCBM) and HTL (PEDOT:PSS). Adhesion energy depended on AL composition, with
best performance for a 3:1 w/w ratio of P3HT:PCBM; post deposition thermal treatment furtherly
enhanced adhesion energy. Also, they compared PEDOT:PSS to another HTL material: V,0s. The
adhesion energy was two orders of magnitude higher; this improved adhesion was attributed to the
formation of chemical bonds between molecules of the AL and V,0s, including possible covalent, ionic
and bipolar interactions. In addition, the formation of an intermixed layer also involves an entangled
molecular network, that it is known to significantly increase fracture resistance in polymers.
Moreover, the adhesion energy was found to be independent of the PEDOT:PSS layer thickness

(between 10 and 40 nm) and AL pre-treatment with O, plasma slightly increased it [38]. The adhesive
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properties of evaporated MoOs, as alternative material for the HTL, were investigated. MoOs adhered
less than PEDOT:PSS, which was attributed to a reduced interface mixing linked to the different
deposition technique.

The positive effect toward adhesion of the annealing on the morphology of these devices has
been lately confirmed [39]. Using near edge X-ray absorption fine structure in Total Electron Yield
(NEXAFS-TEY), UV-VIS absorption and X-ray photo spectroscopies (XPS), Dupont et al. were able to
precisely quantify the atomic fraction of P3HT, PCBM and PEDOT:PSS and the P3HT chain orientation
at the delaminated surfaces for different annealing conditions. They found that the adhesive failure
happened between the AL and an intermixed layer of P3HT:PCBM and PEDOT:PSS. The size and the
strength of this intermixed layer increases with annealing time and temperature, resulting in an
increased adhesion.

In another study they investigated the same properties in normal devices, prepared by spin
coating deposition [40]. In this case the fracture occured inside the AL and, indeed, it was a cohesive
failure. It resulted to be independent from the layer thickness and enhanced after thermal treatment,
but only in the case of the annealing being conducted after electrode deposition. This was attributed
to a different evolution of the AL morphology: in the absence of the Al electrode, PCBM diffuses to
the surface of the AL [41], forming a weak path for crack propagation during debonding. On the other
hand, when annealing is performed after metal electrode deposition, PCBM diffusion is limited by the
AL/Ca interface itself [42]. The same composition/adhesion behavior reported before was observed
and substituting PCBM with Cgo increased the cohesive properties. This was due to a different
interaction between the donor and acceptor and to a different vertical phase segregation, in which
there is a P3HT reach phase on the Ca side [43]. The same observation was reported for inverted
devices [44], with the additional indication that the cold crystallization temperature of PCBM (Tc= 120
°C) is a key parameter. Pre-electrode deposition annealing has to be performed below T¢ to improve
the adhesion at the AL/HTL interface.

The stresses present in the different layers have been measured and associated to decohesion
[45]. Compressive biaxial stresses were measured in the PEDOT:PSS while tensile stresses were
measured in the AL layer. The cracking of the AL is unlikely to happen without any additional stress
contributions from other layers or external forces. Brand et al. also measured compressive stresses in

the Al electrode, increasing electrode deposition rate eventually led to a buckling instability, which
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resulted in undulating electrode surface topography. The AL was found to have the lowest cohesion
among the layers of the solar cell and dependent on the Al electrode deposition rate. The cohesive
failure path in the AL exhibited the same periodicity and orientation of the Al electrode buckling
topography.

Also the Mw of rr-P3HT influenced the decohesion energy [46] in spin casted normal devices.
Increasing the Mw enhanced intermolecular bonding and raised the probability for chain
entanglement. This led to an improved cohesion, due to a greater degree of plastic deformation
before cohesive failure occurrence. The role of the Mw was then considered when investigating the
temperature-dependent decohesion mechanism [47]. It was found that at temperatures below the AL
glass transition temperature (T;=41-45 °C, regardless of P3HT Mw), decohesion was characterized by
brittle failure via molecular bond rupture. The analysis of surface topography revealed an increased
roughness for decohesion surfaces tested above T, revealing significant plastic deformation. Above
the T, decohesion growth was driven via viscoelastic relaxation processes in the AL, leading to
reduced cohesion energies.

The effects on cohesion energy of different acceptor materials (PCs1BM and indene-Cg)
combined with P3HT [48] and of different donor materials (poly(3,3"’-didodecyl quaterthiophene),
PQT-12, and poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene, pBTTT) with PC7;BM and
bis-PC;;BM [49] were investigated. In the first study Bruner et al. found how, under identical
conditions, cohesion significantly changes due to minor variations in the fullerene adduct
functionality. Indene-Cgo significantly improved the AL cohesion, mainly when combined with high
Mw P3HT. This was attributed to the different intermolecular interactions in the bulk and at the
P3HT:fullerene interfaces, induced by the different substituents, leading to different fracture
processes inside the AL. In the second case, the best acceptor for all the donors resulted to be
PC;:BM. This was attributed to the different polymer:fullerene interaction: PC;1BM is able to
intercalate the polymer side chains allowing the formation of a bimolecular crystal phase that
enhances the AL cohesion.

An important observation in terms of device long term stability was made by Dupont et al.
[50]. They explored the decohesion kinetics in the PEDOT:PSS layer of inverted devices, varying
systematically relative humidity and temperature. They found a time dependent debonding, which

occurred at lower mechanical stresses than those usually measured to fracture a polymer layer. They
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demonstrated that this debonding happened through a moisture-assisted mechanism, enabled by a
stress dependent chemical reaction between the water molecules and strained hydrogen bonds at
the debond tip. Using an atomistic kinetic model, they were also able to elucidate a deceleration in
debond propagation at intermediate decohesion rates. When the crack spread, the absorption of
water causes the development of a local compressive stress field, which opposes the propagation

itself.

5.2 Results and Discussions

In this sub-section the development of an experimental set-up and his dependence upon
experimental parameters is described in details. The technique was utilized in the testing of new
materials introduced with the aim of improving device mechanical stability. The two different
strategies, developed in the framework of the ESTABLIS project, are briefly introduced and then the

experimental results are presented.

5.2.1 Pull-off Set Up Development

As aforementioned in the pull-off test general description, some experimental complications
could affect the test sensitivity and reproducibility. Two of the main issues are: i) the presence of a
bending moment due to a non-perfect alignment or to a non-homogeneous stress field due to coating
defects and ii) bonding weaknesses, eventually leading to a mixed adhesive/cohesive failure mode.
Multiple tests have to be performed to have a statistic dataset and some data have to be excluded for
unwanted failure modes.

The new set-up allowed a better control on the orthogonality of the sample-stud system and a
better homogeneity of the adhesive layer. Most notably the alignment of the stud is insured by the
fact that it is linked to a fixed arm leaving only one degree of freedom (z axis). The curing of the epoxy
adhesive occurs in situ while the stud applies a constant pressure, assuring a more uniform and

reproducible adhesive layer. Moreover, when manually applied the stud can slide or twist on the glue.
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Figure 5.10 a) Schematic representation of the experimental apparatus; b) Layer stack of the inverted devices used in these
studies; c) half-cell produced as out-put of the destructive pull-off test.

A schematic representation of the test apparatus (Figure 5.10-a), the specimen structure
(Figure 5.10-b) and a picture of the devices after the test (Figure 5.10-c) are shown in Figure 5.10. The
sample to test is locked into the sample holder, to ensure the best orthogonality between probe and
sample. A drop of adhesive is then deposited at the center of the sample and the probe is approached
to the surface at fixed speed (Figure 5.10-al). The probe touches the adhesive drop and spreads it
evenly in the space between sample and probe surfaces. The approach stops when the sensor
measures a threshold value and it maintains a constant pressure during the curing process (Figure
5.10-a2). The pulling (Figure 5.10-a3) is conducted at fixed speed to complete detachment of the
probe. Probe and sample are photographed and the pictures analyzed with software to extract the

value of the area actually removed.
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Figure 5.11 Typical Force vs Time curve and the three main phases of the test: 1. approaching and contact; 2. adhesive
curing at constant pressure; 3. pull-off at constant speed.

An example of the typical corresponding force vs time graphic is shown in Figure 5.11. When
the probe touches the adhesive drop (Figure 5.11-1), a force starts to be measured and, after few
oscillations, the preset constant value is imposed (Figure 5.11-2) and maintained for 30 min.
Maintaining the pressure is important because, as seen before, it has a strengthening effect and,
moreover, it is necessary to keep the contact between the probe and the adhesive while it dries. The
adhesive layer thickness just after being spread is around 30 um, while once cured the thickness is
reduced to only one tenth of the initial value. In the third and final segment (Figure 5.11-3), a
tensional strain is applied at a constant pulling rate. The maximum stress measured represents the
maximal adhesive strength of the system or the characteristic stress at the crack onset. Simply
dividing this value by the removed surface gives the Stress at Break (N-m™ or Pa).

The influence of some parameters which usually affect the measurement has been
investigated (Figure 5.14-a to d) in order to determine the best experimental conditions. The
parameters considered in our study were: contact area, contact pressure during adhesive curing,
pulling speed (strain rate) and adhesive curing time.

The effect of the contact area has been studied using three different Stamps (Figure 5.12) and

the results are showed in Figure 5.14-a. The Stress at Break values are constant and do not depend
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upon the Stamp size: Stamp 1 (0.42+0.05 MPa, 1.1-10* m?), Stamp 2 (0.47+0.17 MPa, 0.4-10"* m?) and
Stamp 3 (0.39+0.15 MPa, 0.2-:10™ m?).

R e
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i

Figure 5.12 Different Stamps used in the study.

The small variation between the values is attributed to the viscoelasticity of the adhesive
layer. Upon separation, the epoxy adhesive is subjected to both a tension (in the center) and a shear
stress (at the edges) (Figure 5.13). The relative importance of these two stresses can be quantified by
the a/h aspect ratio (or confinement) of the adhesive, where a is the lateral size of contact between
the adhesive and the probe and h is the adhesive thickness. When the film is not confined (a/h very
small), studies [51] have shown that the shear components is maximized. Conversely, when the
material is very confined (a/h very large) the orthogonal tension is the fundamental contribution. In
the present case the aspect ratio is always quite large, since a and h are of the same order of
magnitude, respectively millimeters and micrometers, for all the different probes. The difference is
most probably due to the presence of a ring of adhesive around the two smaller probes (Stamp 2 and
Stamp 3, Figure 5.12), which arise from experimental difficulties in deposing the adhesive layer onto
smaller surfaces. This makes the effective area different from that of the probe and also increases the
standard deviation, making it harder to correctly measure the surface and increasing the shear strain

contribution in an uncontrollable and irreproducible way.

Pull-off Force

“Il;\’

Figure 5.13 Load in a viscoelastic material which undergoes a traction.
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The epoxy adhesive is a viscoelastic material and its properties depend on the strain rate
(pulling speed) and the curing time. In elastic materials the stress is a function of the strain, while in
viscoelastic materials, the stress also depends on the strain rate. In pristine and cured epoxy resins, it
has been shown that the maximum stress is sensitive to the strain rate, in particular it increases for
higher strain rates [52], [53]. In the presented case (Figure 5.14-c), the stress at break increases with
pulling speed, following the behavior reported in the literature. In a similar way, curing time has an
effect on the viscoelastic properties, the degree of elasticity increases with reticulation and the
component of tensile stress is reinforced against the shear component, giving a slightly lower stress at

break with narrower scattering (Figure 5.14-d).
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Figure 5.14 Stress at Break (MPa) variation according to: a) contact area; b) pressure during adhesive curing; c) pulling speed (strain
rate); d) adhesive curing time.

The stress at break values appear to increase with higher pressures applied during the
adhesive curing (Figure 5.14-b). A similar behavior has been observed in pressure sensitive adhesives
[54], where the adhesive energy increases with pressure (or contact time) up to a maximum constant
level. This was attributed to the relaxation state of the chains which influences the deformation
mechanisms during rupture. In a similar way, the relaxation of the chain influences the adhesive

reticulation and its final viscoelastic and adhesive properties [52].
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From the above discussion, it appears that to compare different measures it is of capital
importance to choose a set of parameters and to respect an experimental protocol to further reduce
operational variations. For the series of experiments presented in the following sections, a circular
probe with a diameter of 12 mm (Stamp 1,Figure 5.12) has been used. The adhesive of choice was an
epoxy adhesive under the commercial name of SADER® from Bostik S. A. (5 min hardening, maximum
load 130 kg/cm?2). The mixture of epoxy resin and hardener was prepared before each measurement
and the time between the deposition of the adhesive drop and the probe contact was always kept
around 30 s. The approaching speed of the probe was 50 um/s, with a sampling frequency of 100 Hz,
and the force sensor used was a TME F108TC, with an operating range of 1-100 N and a sensitivity of
0.05 N. Its calibration was performed at the beginning of every day of measurement. The contact
threshold force was of 5 N (42.5 kPa) and it was kept constant during the curing of the adhesive (30
min), with a sampling frequency of 0.1 Hz. The pulling speed was 10 um /s with a sampling frequency
of 100 Hz. The pictures were taken with a Canon IXUS 132 and the software utilized to treat the
images was ImageJ (National Institutes of Health, Open source under Title 17, Section 105 of USA

code).

5.2.2 New PEDOT:PSS Formulation

Various poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) dispersions
have been widely used in antistatic layers, touch sensors, transparent electrodes, OLED applications
and organic solar cells [55]. Water is the most widely used solvent for PEDOT/PSS dispersions. It is a
good solvent for most reagents, compatible with the PEDOT/PSS dispersion, low cost and
environmentally friendly. However, in some cases water requires long drying times and excludes the
use of highly non-polar components. As a consequence PEDOT dispersions in non-polar solvents have
recently been developed (Clevios™ P SB 1 and Clevios™ P SB 2, available in solvents such as heptane
and toluene), but these dispersions require specific polysulfonic acid copolymers, that can be
dispersed in non-polar solvents. Components such as polymeric binders, surfactants, UV stabilizers
and solvents were also added to improve the coating properties of the resulting formulation such as
surface hardness, better wetting and environmental stability.

In the field of OPV, PEDOT:PSS is a well-established hole-transport layer (HTL), due to its good
processibility and the chance to tailor its electronic properties, such as its work-function and

conductivity [56]. Recently, it has been shown how inverted device architecture offers several
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advantages over regular architecture, including improved operational lifetime, ease of device
fabrication and also the potential of low cost manufacturing. However, when applied in inverted
architectures the PEDOT:PSS layer itself represents one of the weak points for the device long-term
stability, due to its phase separation that induces a deterioration of its interface with the AL [57]. Also,
as discussed before, this same interface was identified as the weakest point in term of adhesion
(Paragraph 5.1.4).

Strategies to increase adhesion at this critical interface include surface treatment by solvents
or O, plasma, wettability improving surfactants or adhesion promoting interlayers, however, with
limited success so far. The chosen strategy to improve the adhesion properties and the overall device
lifetime, was to use a new PEDOT:PSS dispersion to favor the physical intermixing of the polymer
layers. The Clevios'™ HTL Solar 2, was successfully developed in the framework of the ESTABLIS
project by Dr. Stefan Schumann (ER4) at Heraeus Deutschland GmbH & Co. KG. Its synthesis,
characterization of the material and after integration in devices have been already presented in front
of the scientific community [58].

The non-aqueous PEDOT:PSS dispersion was prepared by a solvent exchange process. The
solvent system used includes a mix of higher alcohols such as diethylene glycol and propanediol which
was then diluted with ethanol. Surfactants were added to improve wettability and film formation.
Moreover, non-polar solvent additives were added in low quantities. The non-polar solvent was
selected in order to partially solubilize the photoactive material and, hopefully, to act as a potent

adhesion promoter.

5.2.2.1 Aim of the Study

The objective of this part of the work was the characterization of the effect on the adhesion
properties of different PEDOT:PSS formulations, utilizing the new implemented set-up for the pull-off
test. Two standard, commercially available, agueous PEDOT:PSS formulations specifically developed
for OPV applications, Clevios™ HTL Solar and Clevios™ HTL Solar N (Heraeus Deutschland GmbH & Co.
KG) were used for comparison to the new Clevios™ HTL Solar 2. Their characteristics are reported in

Table 5.2.
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Table 5.2 Composition and characteristics of Clevios™ HTL Solar, HTL Solar N and HTL Solar 2 [58].

PEDOT Solvent pH’ FIRK o[Sem™
HTL Solar Aqueous 2 28 0.2
HTL Solar N Aqueous 7 34 0.1
HTL Solar 2 Organic 2 34 90
a)pH=-log;,[H;0"]; b) contact angle & on the photo-active layer P3HT:PCg1BM;
c) o=conductivity

The newly created surfaces were characterized by contact angle, optical microscopy, AFM and
XPS to exactly identify the fracture path and being able to explain the difference in the adhesive
properties. XPS analyses were performed by Aurélien Tournebize (ESR10) at the Institut fiir
Physikalische und Theoretische Chemie of the Eberhard Karls Universitét Tiibingen, in the framework
of the ESTABLIS project. Detailed procedures, data analysis and their discussion are reported in his

thesis.

5.2.2.2 Adhesive Properties

The inverted OPV devices used in this study were fabricated by Dr. Stefan Schumann at
Heraeus Deutschland GmbH & Co. KG, in the framework of the ESTABLIS project. The layer stack was
based on the model system ITO/ZnO/P3HT:PCs;BM, 1:1/PEDOT:PSS/Ag with the following layer
thicknesses: ITO (120 nm), ZnO (30 nm), P3HT:PCs;BM (170-200 nm) and PEDOT:PSS with either HTL
Solar (50 nm), HTL Solar N (50 nm) or HTL Solar 2 (150 nm), Ag (200 nm). Layers were deposited either
by spin coating or by Doctor Blading. After each step thermal annealing of 15 minutes at 130 °C was
performed.

A preliminary series of tests was performed by Dr. Stefan Schumann at Heraeus Deutschland
GmbH & Co. KG. A semi-quantitative standard tape test method, the cross-cut tape test (Test Method
B from ASTM D 3359-08 [59], half-cell

Figure 5.15-a), was wused on the

glass/ITO/ZnO/P3HT:PCs;BM/PEDOT:PSS. In this case, all layers were deposited by spin coating.
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Figure 5.15 a) Layer stack and thicknesses of the samples used for the Cross-Cut Tape Test and b) percentage of removed area for
three different PEDOT:PSS formulations with relative adhesion classes, according to [59].

As shown in Figure 5.15-b, upon tape removal the PEDOT:PSS top layer was removed from
11% and 63% of the tested area for, respectively, HTL Solar and HTL Solar N (adhesion classes of 3B
and 1B, respectively). HTL Solar 2 showed an adhesion improvement over the aqueous types with no
area removal at all (class 5B), demonstrating superior adhesive properties.

The following step was to test inverted devices with the same layer stack, using the new
developed technique. Complete devices, with the AL deposited by Doctor Blading and the HTL by Spin
Coating, were prepared by Dr. Stefan Schumann.

The Stress at Break results (Figure 5.16-a) confirmed the superior adhesive properties of HTL
Solar 2 (0.44+0.07 MPa) on HTL Solar (0.38+0.05 MPa). Surprisingly, HTL Solar N (0.43+0.09 MPa)
resulted to be almost as strong as HTL Solar 2, while in the cross-cut tape test it was the weakest by
far. It is not uncommon that different adhesion tests, and thus different experimental conditions, lead

to such different results.
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Figure 5.16 a) Stress at Break (MPa) for three different Clevios™ HTL formulations and b) corresponding Surface Energy of the Lower
half-cell.

In this case, it may be due to two different aspects that differentiate the cross-cut tape from
the pull-off test. In the former, a very high strain is concentrated near the peel bend, while, in the
latter, the strain concentrates where the structure is weaker. Secondly, in the pull-off test the
adhesive is in contact with the same Ag electrode surface, while in the cross-cut tape test, the
different interactions of the tape adhesive with the PEDOT:PSS layers can play a role.

The exposed surfaces, on top of created half-device, were analyzed by contact angle and their
surface energies (Figure 5.16-b) were calculated, according to the Owen-Wendt Method (see Annex
3). The surface energy values of lower half-devices, showed that the HTL was completely removed in
all cases. From AFM topography images (Figure 5.17) of the lower part of the three samples it was
possible to see how differently the three PEDOT:PSS formulations interact with the active layer. The
HTL sample surface is quite smooth with some shallow depression. HTL N presented no depression
but the surface was 2.5 times rougher (Rg=4) than the HTL sample (Rg=1.6). HTL 2 showed deep and
diffused depressions and its surface is 4 times rougher (Rg=6.5) than the HTL sample. The increased
roughness can be associated to different interactions between the two layers. For the HTL sample the
surface is similar to the pristine P3HT:PCs;BM layer, indicating poor interactions with the HTL and a
brittle fracture. In the case of HTL N and HTL 2, the increased roughness and surface modifications are
evidence of stronger interactions that lead to a fracture with a certain degree of plasticity, which

dissipate more energy and thus a higher adhesive force.
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Figure 5.17 AFM-Peak Force QNM Height images of the lower half cells for three different Clevios™ HTL formulations.
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5.2.2.3 Effect of the HTL Deposition Technique

The P3HT:PCs;:BM blend is the most studied system as active layer material in BHJ. The effect
on blend morphology of several deposition [60]-[65] and post-deposition [41], [65]-[68] conditions
have been investigated with the aim to understand the relationship between nanoscale phase-
separation and device photovoltaic characteristics [69]. Achieving the optimal active layer
morphology is essential to improve the device efficiency [70]-[72]. Vertical phase separation, as well
as the better known lateral phase separation, is a critical aspect that deserves attention. Vertical
phase separation is a well-known characteristic of many polymer blend systems [73], as well as in
conjugated polymer [74]—[76] and polymer:PCs;BM [41], [61], [77]-[81] blends.

For a device’s mechanical stability, as well as for its photovoltaic properties [72], [82], the
nature of the layer composition and the interfaces in the layer stack are of capital importance [38].
The effect of two different deposition technique of the PEDOT:PSS suspension, spin-coating and
doctor blading, on the adhesive strength of inverted devices has been studied. To do so, Stress at

Break and surface energy of the corresponding half devices were once again measured (Figure 5.18).
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Figure 5.18 a) Stress at Break (MPa) for two Clevios™ HTL formulations deposed with different techniques and b) corresponding
Surface Energy of the Lower half-cell.

For both HTL Solar and HTL Solar 2, the adhesive strength is improved when the PEDOT:PSS
formulation is spin-coated rather than doctor bladed (Figure 5.18-a). Surface energy analysis indicate
that the exposed surface of the lower half device (red bars) corresponds to the AL (black line) rather
than to the HTL (blue bars) (Figure 5.18-b). The AFM surface topography (Figure 5.19) shows a
different surface structuration, characterized by depressions, and a higher roughness in case of doctor
bladed layers (Figure 5.19-bottom). As aforementioned, this higher roughness can be attributed to a
plastic deformation during the fracture, expression of stronger interactions. In the case of HTL Solar,
the strongest adhesion corresponded to the flatter samples (spin-coated) and not to the roughest
(doctor bladed), while for HTL Solar 2 the values are comparable between them and higher than HTL

Solar.
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Figure 5.19 AFM-Peak Force QNM Height images of the lower half cells for two Clevios™ HTL formulations deposed by Spin-coating
or Dr Blading.

Unfortunately, it has not been possible to investigate the morphology and phase segregation
of the AL or HTL. Nonetheless, it is possible to speculate that these variations are related to a
different composition at the interface (as better discussed in paragraph 5.2.2.4). These differences
can be due to the different solvent systems and to the presence of additives that can drive the phase
segregation in different directions [83], [84]. Also, the different layer drying can contribute in

differentiating the lateral and vertical segregation [63], [67].

5.2.2.4 Application to Different HTL/AL Combination

After testing the three different PEDOT:PSS formulations (Clevios™ HTL Solar, HTL Solar N and
HTL Solar 2), the study of two of these, HTL Solar and HTL Solar 2, have been extended by changing
the donor polymer in the active layer. Besides P3HT, we selected two Low BandGap (LBG) polymers
from the ESTABLIS polymer library: PSBTBT and PDTSTzTz (Figure 5.20). The PSBTBT was synthesized

by myself, while the PDTSTzTz was synthesized by Dr. Graham Morse at Merck Chemicals Ltd.

181



5 Mechanical Integrity of OPV Devices

P3HT
-

HexEt . i,ElHex

PSBTBT O a
7\ A N .

Figure 5.20 Donor and acceptor materials tested in combination with Clevios™ HTL Solar and HTL Solar 2.

Inverted geometry devices with the layer stack: ITO/ZnO/Active Layer/PEDOT:PSS/Ag with
the following layer thicknesses: ITO (120 nm), ZnO (30 nm), active layer with either P3HT:PC4;BM, 1:1
(170-200 nm), PSBTBT:PCs;BM, 1:2 (120 nm) or PDTSTzTz, 1:2 (100 nm) and PEDOT:PSS with either
HTL Solar (50 nm) or HTL Solar 2 (150 nm), Ag (200 nm) were fabricated by Dr. Stefan Schumann at
Heraeus Deutschland GmbH & Co. KG. Moreover, devices with all the layers listed in the previous
stack, except the HTL, were prepared. The elimination of the HTL had as objective to obtain a
comparative measure of the cohesion strength of the polymer:PCg;BM blend.

In the case of P3HT:PCs;BM as active layer (Figure 5.21-a), the adhesion force significantly
varies between devices with HTL Solar or HTL Solar 2, as previously seen. In the other cases (Figure
5.21-b and c), the adhesion properties do not seem to be influenced by the PEDOT:PSS formulation.
This can be due to many factors, such as polymer solubility, active layer morphology, etc. In particular,
looking at the expected surface engineering behind HTL Solar 2, the polymer solubility can be the
determining factor. It is worth mentioning that active layer cohesion is always higher than AL/HTL
adhesion. Coherently the fracture in complete devices happens at the weakest point, which is the

AL/PEDOT:PSS interface.
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Figure 5.21 Stress at Break for the different AL/HTL combination and cohesion of the AL.

The surface energy values of the lower half devices, calculated according to the Owen-Wendt
theory through contact angle measurements, are reported in Figure 5.22. For both HTL (black bar) and
HTL 2 (red bar) half-devices, the fracture exposes the AL (reference values reported as blue bars)
rather than the HTL (black and red lines), but the technique does not allow to precisely determine if

there is any difference between the surfaces with HTL Solar or HTL Solar 2.
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Figure 5.22 Surface energy values for the lower half-devices with reference value for HTL Solar (black line) and HTL Solar 2 (red line).

The ratio of carbon on sulfur atomic species was taken as experimental factor to identify the
surface composition, since these elements are present in both the considered layers (theoretical and

experimental values, for polymers and blends, are reported in Table 5.3).

Table 5.3 Theoretical and experimental C/S ratio for utilized donor materials and blends (data provided by Aurélien Tournebize).

Exp. C/S

Theo. C/S (Polymer)

Exp. C/S (Polymer)

(Polymer:PCg7:BM)

P3HT 10.1 10.5 13.2
PSBTBT 11.0 11.6 16.0
PCDTSTzTz 10.4 10.5 18.0

The surface analysis of the sample with different AL (P3HT:PCs;BM, PSBTBT:PCs;BM and
PDTSTzTz:PCs;BM), has been completed only for P3HT:PCs;BM devices. Therefore, only the case of
P3HT:PC4s;:BM will be thoroughly discussed here and a comparison with the other AL materials are
presented at the end of the paragraph, based on first results.

With this aim, the Cls and S2p core levels were chosen as markers since they were very
different in the neat materials, allowing an easy identification. In Figure 5.23, the spectra of these

core levels for the upper half-devices of P3HT:PCs;BM devices are shown; for comparison the spectra
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for neat P3HT:PCs;BM and PEDOT:PSS reference layers are reported. From these spectra it is possible
to establish that the fracture happens at the interface between AL and HTL, but with some
differences. For the HTL Solar sample, both core levels strongly correspond to the reference HTL Solar
layer, indicating that the fracture really happens at the interface and only traces of the opposite layer
are present. On the other hand, the Cls and S2p core levels of HTL Solar 2 samples have a more

mixed character, indicating larger amounts of AL on the upper part. Thus, the fracture plane slightly

moved inside the AL.
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Figure 5.23 Normalized intensity of S2p and C1s core levels of upper half-devices (red) with P3HT:PC4;BM (1:1 w/w) as active layer
and corresponding bare blend (black) and HTL (white) layers for comparison (data provided by Aurélien Tournebize).
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Table 5.4 Experimental C/S ratio for Upper and Lower half-devices with P3HT:PC;;BM (1:1 w/w) as Al and bare blend and HTL layers

as comparison (From XPS data provided by Aurélien Tournebize).

Glass/ITO/ZnO/P3HT:PCg;BM/HTL/Ag
C/S HTL Solar Control | C/S Blend Control C/S Upper part C/S Lower part
8.3 12.7
7.4
0.17Blend+0.83HTL Solar | 0.91Blend+0.09HTL Solar
C/S HTL Solar 2 Control 13.2 C/S Upper part C/S Lower part
20.3 11.7
16.4
> <

From the C/S ratio reported in Table 5.4, it is possible to see that HTL Solar 2 is reacher in
carbon than HTL Solar. The corresponding HTL 2 upper part is even richer in carbon, suggesting the
presence of a PC4;BM rich layer. Conversely, the lower part shows a C/S value closer to neat P3HT
compared to HTL samples. In Figure 5.24 a schematic representation of the fracture path for the two
specimen is shown (a and b), together with the upper half devices (c and d). The fracture moves into
the active layer passing from HTL to HTL 2: the exposed surface is mainly PEDOT:PSS with traces of AL
for HTL half-devices (Figure 5.24-c), while it is AL rich in PCs;BM (Figure 5.24-d, grey circles) for HTL 2.

These results showed that the better wettability and the partial swelling of the AL surface, due
to the organic solvents formulation and to the presence of compatibilizers, contribute to the
enhanced adhesion force. The improved wettability allows a better contact between the molecules of
the two systems, promoting the occurrence of long range molecular forces. Moreover the partial
swelling of the surface can promote the interdiffusion of the polymer chain, to form an intermixed
layer of entangled chains that enhance the overall adhesion (Figure 5.25-a). Another possible effect,
which need further investigation, is the reorganization of the top of the AL surface, which results

enriched in PC;BM, as seen by XPS analysis (Figure 5.25-b).
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HTL Solar HTL Solar 2

P3HT:PCBM (1:1) P3HT:PCBM (1:1)

HTL Solar 2

c) d)

Figure 5.24 Schematic representations of AL/HTL interface and supposed fracture path in case of P3HT:PC;,BM as Al and HTL Solar (a)
and HTL solar 2 (b) devices; c) and d) represents schematically the surface of the upper half-devices with d) reacher in PC4,BM.

For PSBTBT and PDTSTzTz based devices, the surface characterization showed an analogous
picture, with the fracture that moves inside the AL changing HTL Solar with HTL Solar 2. The reason
why in these two cases there is no improvement in adhesive strength is still not clear. It can be
speculated that the change in the w/w ratio of the Polymer:PCs;BM blend, i.e., 1:2 and not 1:1 as for
P3HT:PCs;:BM, plays a fundamental role in the diffusion of PCs;BM upon surface reconstruction.
Further experiments, varying systematically the blend composition would be necessary to have a

complete and clear base for discussion.

a) b)

HTL | HTL2

ITO

Substrate

[Intermixinglayer] [Polymer rich Iayer]

Figure 5.25 Schematic representation of the two speculated effects of the different PEDOT:PSS formulations.
5.2.3 Block Copolymers as Adhesion-Enhancing Interlayers

Adhesion strength can be increased when block (or graft) polymers are added to the interface,
working like a molecular bridge between the two homopolymers [85], [86]. The idea behind this

surface engineering is to replace the entanglement network, that is present in the homopolymers
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layers (or as if the same polymer was on both sides of the interface), with some sort of molecular
connections. This effect can be obtained by block copolymers that reside at the interface and
entangle with both polymers, or by chemical reaction at the interface. Examples of connector chains
are presented in Figure 5.26: di- or tri-block copolymers (Figure 5.26-a and b), random copolymers
(Figure 5.26-c), or polymers with reactive functional groups (Figure 5.26-d and e), which can graft at
the interface. In practice these connector molecules must satisfy three requirements to be effective: i)
a thermodynamic driving force must exist for their segregation to, or reaction across, the interface
between the two phases of the blend, ii) the kinetics of this segregation or reaction must ensure a
relatively high connectors density and iii) they must be mechanically effective in reinforcing the
interface. While the first two of these conditions are controlled by thermodynamics and kinetics,

respectively, the latter is related to the mechanical properties of the interfaces.

Figure 5.26 Schematic of connecting chains at an interface: a) diblock copolymers; b) triblock copolymers; c) random copolymers; d)
end-grafted chains; e) multiply grafted chains [85].

An example of reactive end-chain polymers is given by the introduction of grafted copolymers
at the PP/poly(vinylidene fluoride) (PVDF) interface, which increased adhesion strength by a factor of
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15 [87]. Styrene maleic anhydride random copolymer (SMA-8wt.% MA) and poly[methylene
(phenylene isocyanate)] (PMPI), dual compatibilizers, were demonstrated to bridge the interface of
PET forming PET-co-PMPI-co-SMA allowing for improved mechanical properties [88]. Fracture
toughness also increased at the interface between nylon 6 (Ny6) and PP with the introduction of
maleic anhydride grafted polypropylene (MAPP); fracture toughness increased as the intermolecular
reactions between MAPP and Ny6 increased [89]. Creton et al. [85] investigated three
polymer/diblock copolymer interfacial systems: polystyrene (PS) and poly(2-vinylpyridine) (PVP)
reinforced with diblock copolymers of PS-PVP; poly(methyl methacrylate) (PMMA) and PS reinforced
with diblock copolymers of PMMA-PS and the PMMA and poly(phenylene oxide) (PPO) reinforced by
diblock copolymers of PMMA-PS. All of these systems showed an improved adhesion toughness.

In OPV, a very limited amount of examples of interlayer materials placed between a
photoactive layer and a hole/electron transporting layer (HTL/ETL) is reported in the literature [90]—
[92]. Hau et al. [91] introduced a PCs;BM self assembled monolayer (Cg-SAM) in inverted geometry
devices, between the ETL (ZnO) and the AL (P3HT:PCs;BM). The improved performance was
attributed to an enhanced electronic coupling at the inorganic and organic interface from the C60-
SAM through photoinduced charge transfer. The SAM helped to improve charge selectivity and
reduced the charge recombination losses at the interface leading to improved FFs and photocurrent.
In 2011, Su Kang et al. [90] introduced a cross linkable polymer in a normal geometry device, between
the HTL (PEDOT:PSS) and the AL. A photo-curable precursor was deposed on the PEDOT:PSS layer and
then photo-polymerized, before AL deposition. The device was completed with a LiF layer as ETL and
a Al electrode. The introduction of UV cross linkable layer reduced the leakage current and improved
charge extraction due to effective electron blocking. Furthermore, the interlayer was found to be
more hydrophobic than the PEDOT:PSS layer, which enhances the wetting of the photoactive layer.
Deschler et al. [92] showed the influence of a thin donor interlayer, sandwiched between the HTL
(PEDOT:PSS) and the AL, on the performance of normal geometry device. The donor interlayer (P3HT,
PSBTBT and PTB7) was deposited on top of the PEDOT:PSS layer and its thickness was around 30 nm.
Importantly, the thickness of the photoactive layer was reduced by approximately 30 nm compared to
control devices. For all of the bi-layer devices, an increase in V,, Jsc and FF was observed, improving

the overall efficiency. This was attributed to an increase in absorption, due to an additional amount of
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photo-absorbing material. Moreover, a decrease in recombination, probably due to a limitation of

PEDOT:PSS layer imperfections by polymer filling, was observed.

5.2.3.1 Aim of the Study

In order to improve adhesion on the weakest PEDOT:PSS/photoactive layer interface, a new
interlayer copolymer poly(isobutyl p-styrene sulfonate)-block-poly(dodecyl p-styrene sulfonate)
(PiBSS-b-PDDSS) was designed and synthesized by Joanna Kolomanska (ESR7) in the framework of
ESTABLIS project.

In this case, the strategy comprised a production of a sandwich structure with a very thin layer
of hydrophobic PiBSS-b-PDDSS (Figure 5.27-a) and then its thermal transformation into amphiphilic
PSS-b-PDDSS through removal of isobutyl protecting group (Figure 5.27-b). Such a copolymer could
interact with PEDOT:PSS layer through hydrophilic PSS block as well as reach the photoactive layer via
PDDSS hydrophobic block. To better evaluate the effect of the block copolymers, complete devices
with both PiBSS-b-PDDSS (Figure 5.27-c) and PSS-b-PDDSS (Figure 5.27-d) were fabricated and
characterized by Joanna Kolomanska and Dr. Stefan Schumann at Heraeus Deutschland GmbH & Co.
KG. At the same time the effect of the chain length of the poly(dodecyl-p-styrene sulfonate) block (10,
20 and 31 units) has been investigated (Table 5.5), maintaining the poly(isobutyl p-styrene sulfonate)
block (16 units) constant. The detailed synthesis and characterization of the block copolymers and the

device fabrication are described in Joanna Kolomanska’s PhD thesis, Aston University, UK.

PSS-b-PDDSS
AT
Zn0 Zn0
ITO ITO
a) Substrate b) Substrate
PSS-b-PDDSS
Zn Zn0
ITO ITO
) Substrate d) Substrate

Figure 5.27 Interfacial layer position in the layer stack, a) before and b) after thermal deprotection; c) and d) layer stack of devices
used in this study.

190



5 Mechanical Integrity of OPV Devices

Table 5.5 Chemical characteristics of block-copolymers used in the interlayer (data from Joanna Kolomanska).

Poly(isobutyl p-styrene sulfonate),-block-poly(dodecyl p-styrene sulfonate),,
Polymer m n M, (g/mol) 1))
JK189 16 10 7600 1.2
JK190 16 20 11300 1.2
JK195 16 31 15000 1.3

5.2.3.2 Adhesive Properties of PiBSS-b-PDDSS vs PSS-b-PDDSS Interlayers

In Figure 5.28-a, the Stress at Break values for devices which include the new layer, before and
after deprotection, in their layer stack are shown. For ease of presentation, these devices will be
indicated with respect to the block copolymer used, i.e., JK189, JK190 and JK195 (Table 5.5), with the
corresponding deprotected copolymer interlayers assessed as JK189T, 190T and 195T. The PiBSS-b-
PDDSS layer strongly reduces the adhesive strength in the devices (Figure 5.28-a). After deprotection
the adhesion is improved (Figure 5.28-a), but it is still lower than the one of the reference devices,
where the interlayer is not integrated. The fact that the PiBSS-b-PDSS interlayer reduces adhesion
was somehow expected, since it does not contribute to compatibilize the active layer and the
PEDOT:PSS layer (Clevios'™ HTL Solar), due to its hydrophobic nature. Moreover, in inverted devices,
the formation of an intermixed P3HT/PSS layer is limited due to vertical phase segregation [93]. This
layer is considered of primary importance in determining the different adhesive/cohesive failure
mechanism in normal and inverted devices [38]. The interlayer could completely prevent the
formation, not only of this mixed layer, but also of any interfacial complex resulting in the observed

adhesion.
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Figure 5.28 a) Stress at Break of devices including the new interlayer before (JKxxx) and after (JKxxxT) deprotection and
corresponding value for devices without interlayer; b) surface energy of lowere and upper half-devices with HTL and al references for
comparison.

The devices with deprotected PSS-b-PDDSS interlayer, showed improved adhesive properties
when compared to the pristine layer (Figure 5.28-a). This can be attributed to an entanglement of the
deprotected chain (PSS) within the PEDOT:PSS layer and not to an improved compatibility of the two
layers. In fact, surface energy values for layers of these deprotected polymers were surprisingly lower
than the corresponding pristine materials (Figure 5.28-b, blue bars). This reduced wettability of the
PEDOT:PSS suspension contributes in reducing the contact and thus the establishing of long-range
molecular forces. Surface energy values also show that, in all cases, the fracture happens at the
interfaces between the interlayer and the PEDOT:PSS layer. From Figure 5.28-b, one can see that the
surface energy of the upper half-device (red bars) is comparable to the HTL Solar reference (black
line), while the lower half-device (black bars) with the interlayer one (blue bars).

This is confirmed by optical micrograph images (Figure 5.29, Figure 5.30 and Figure 5.31),
showing how the lower part corresponds to the reference layer. Moreover, for JK189 and JK190
(Figure 5.29 and Figure 5.30), it is possible to see a phase segregation of the block copolymer after
deprotection. This phase segregation, concurrently with the low wettability, could cause the presence
of voids or flaws between the two layers. These defects could strongly reduce the efficiency and the
lifetime of the devices. Light-Beam Induced-Current Microscopy (LBIC) images could easily show if the

phase segregation has a negative effect on the formation of an effective interface.
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189 Lower 189 Upper

189T Ref 189T Upper

Figure 5.29 Optical micrograph, before and after deprotection, of upper and lower half-devices containing JK189 and corresponding
bare layer as reference.

190 Ref i ; 190 Lower 190 Upper

190T Ref 190T Lower 190T Upper

Figure 5.30 Optical micrograph, before and after deprotection, of upper and lower half-devices containing JK190 and corresponding
bare layer as reference.

For JK195 (Figure 5.31), a certain degree of phase segregation is visible, but the main feature is
the strong phase segregation of PCs;BM, that forms crystals all over the surface reference and at the

interface. This is due to the longer time required to thermally deprotected the PiBSS block of the
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copolymer, that allows the diffusion and the aggregation of PCs;BM at the interface. It has been
shown that a micrometer size the growth of mm-size PCg;BM crystallites size was found to improved
the cohesion of the P3HT:PCs;BM, due to a pull-out toughening mechanism. For such large crystals,
the cohesive energy or energy required to propagate the debond might be significantly increased due

to the energy dissipated by stretching the crystallites. A larger cluster height and fraction of clusters

allows for a greater degree of resistance to pull- out as the BHJ is being debonded.

i 195 Ref : Bl 105 Lower 195 Upper

/\ : 195T Upper
A B

/ A ]
\ \

Figure 5.31 Optical micrograph, before and after deprotection, of upper and lower half-devices containing JK195 and corresponding
bare layer as reference.

XPS analyses on these samples are currently ongoing. The first results, taking the C/S ratio as
parameters, do not show any clear picture. A complete discussion of these partial results, is reported

in Aurélien Tournebize thesis, Tubingen University, Germany.
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5.3 Conclusion

In this chapter one of the long-term durability issues of OPV have been assessed. An
experimental set-up to investigate the mechanical integrity of multilayered structures was developed
and applied to inverted geometry OPV devices. Several materials for the AL and HTL have been tested
and the fracture path have been identified. In particular, new materials developed with the aim of
improving the weaknesses within the layer stack have been tested. The physical and chemical
characterization of the half-devices produced upon destructive testing allowed us to identify and
influence some of the involved parameters.

The phase segregation of each layer influences its mechanical properties, while the vertical
phase separation determines the nature of the interface with the following layer. The chemical
composition of the two layers at the interface is fundamental for the establishment of physical and
chemical bonding. It has been demonstrated that the use of a better solvent system and additives is a
viable route to improve the otherwise weak adhesion between two uncompatible layers. The use of
an additional layer was explored too, but with little success. The design of the compatibilizer and its
processing need to need to be further developed, before being able to discard this route.

The manipulation of the nanoscale morphology and phase separation (both lateral and
vertical) of polymer blends is not an easy task. Tuning them with the double objective of improving
both photovoltaic properties and chemical/mechanical stability is an Herculean task. To achieve a
deeper understanding of such a complex, cross-field and cutting-edge research field more efforts

from the whole scientific community are needed.
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Literature review of the most recent works on conjugated polymers, as efficient donors in BHJ
solar cells, reveals that the majority of them has been synthesized with a push-pull strategy. This
strategy requires the alternation of donor and acceptor units, in order to obtain low band gap
polymers (LBGs). The LBGs increase the efficiency of the OPV device due to a better overlap with the
solar spectrum leading to a better absorption of photon flux. The LUMO energy level of the D-A
conjugated polymers is mainly localized on the acceptor unit, so a proper selection of the electron
withdrawing block influences the LUMO level of these polymers. Also, to avoid charge recombination
of the free carriers after exciton separation, the electron-withdrawing ability of the acceptor needs to
be carefully tuned. Substituents on the main conjugated backbone influences both polymer electronic
level and morphology of the active layer blend.

Two series of LBGs based on dithienosilole (DTS) as donor unit and either diketopyrrolopyrrole
(DPP) or dithienyl-thienopyrazine (DTP) as acceptor units have been synthetized. The synthesis of
DTS-DTPs polymers has not been successful due to not optimized synthesis procedure. Nonetheless,
the wide absorption and the electronic properties of the obtained oligomers make them promising
materials for application in organic electronics. On the other hand, DTS-DPPs polymers have been
successfully synthesized and exhibit good solubility, NIR-absorption and favorable optoelectronic
properties.

Two of the synthesized polymers, PSBDPP_C12 and PSBDPP_C10C6, were used in inverted
architecture devices fabricated by doctor blading under different processing conditions. Opposing
behavior was observed for the two polymers with respect to the coating temperature. PSBDPP_C12 is
best performing when coated at room temperature (Jsc=2.6 mMA cm® Voc=0.50 V; FF= 0.47;
PCE=0.61%), while with PSBDPP_C10C6 best performances (Jsc=0.64 mA cm'z; Voc=0.61 V; FF= 0.50;
PCE=0.20%) were achieved for high temperature deposition. The use of additives for the coating of
PSBDPP_C10C6 lead to even lower performances. PSBDPP_C12 based devices were prepared under
inert atmosphere with the active layer deposited by spin-coating. These new conditions led to a
further improvement of the photovoltaic characteristics (Jsc= 5.9 mA cm? Vo= 0.54 V; FF= 0.58; PCE=

1.7 %), nonetheless, low photocurrent was still observed. To understand the reason behind it, charge
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carrier mobility, morphology and phase segregation and charge carrier behavior were investigated.
The results showed how, despite favorable energy levels and good charge carrier mobility,
unfavorable morphology and charge recombination limit the photocurrent and thus device efficiency.

From a chemical standpoint, the requirements for highly efficient solar cells are therefore not
limited to the design of conjugated backbone with its electronic properties; crystallinity of polymer
phase, miscibility with PCs:BM, morphology control and stability of the blend at the nanoscale are
also critical factors.

In parallel, one of the long-term durability issues of OPV have been assessed. An experimental
set-up to investigate the mechanical integrity of multilayered structures was developed and applied
to inverted geometry OPV devices. The results on P3HT:PCBM devices confirmed the AL/HTL interface
as the weak point in the layer stack. Several materials for the AL and HTL have then been tested and
the fracture path identified. In particular, these new materials were developed with the aim of
improving the weaknesses within the layer stack. The physical and chemical characterization of the
half-devices produced upon destructive testing allowed us to identify and influence some of the
fundamental parameters involved in establishing of physical and chemical bonding. We demonstrated
how the use of a better solvent system and additives for the PEDOT:PSS material used as HTL is a
viable route to improve the adhesion between the two uncompatible layers. Moreover, the use of an
additional layer acting as compatibilizer was explored, but this time with little success. The design of
the compatibilizing block copolymer and its processing need further development, before being able
to discard this route.

The manipulation of nanoscale morphology and phase separation (both lateral and vertical) of
polymer blends is fundamental not only for improving the photovoltaic characteristics of the device,

but also for its chemical/mechanical stability.
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L’état de I'art des travaux récents sur les polyméres conjugués utilisés comme matériaux
donneur efficaces dans les cellules solaires BHJ, révele que la majorité d'entre eux a été synthétisée
avec une stratégie push-pull. Cette stratégie nécessite l'alternance d'unités de donneur (D) et
accepteur (A), afin d'obtenir des polyméres a faible bande interdite (LBG). Les LBGs permettent
d’accroitre le rendement du dispositif OPV grace a un meilleur recouvrement avec le spectre solaire
conduisant a une meilleure absorption du flux de photons. Le niveau LUMO de ces polymeres
conjugués (D-A) étant principalement localisé sur |'unité acceptrice, le choix de celle-ci conditionne le
niveau LUMO de ces polymeéres. Aussi, pour éviter la recombinaison des porteurs de charges apres la
séparation de l'exciton, la force de l'accepteur d'électrons doit étre soigneusement ajustée. Les
substituants nécessaires a la solubilité influencent les niveaux électroniques du polymeére mais aussi la
morphologie de la couche active.

Deux séries de LBGs basés sur le dithiénosilole (DTS) comme unité donneuse et sur le
dicétopyrrolopyrrole (DPP) et le dithiényl-thiénopyrazine (DTP) comme unités acceptrices ont été
synthétisées. La synthése de polymeres DTS-DTP n’a pas abouti, en raison du protocol de synthese
non optimisé. Néanmoins, les propriétés opto-électroniques des oligomeéres obtenus rendent ces
matériaux prometteurs pour I'application en électronique organique. Par ailleurs, les polymeres DTS-
DPP ont étre synthétisés avec et présentent une bonne solubilité, une bonne absorption dans le
proche IR et des propriétés optoélectroniques favorables.

Deux des polymeres synthétisés, PSBDPP_C12 et PSBDPP_C10C6, ont été utilisés dans des
dispositifs d'architecture inverses fabriqués par «doctor blading» sous différentes conditions de
traitement. Des comportements opposés ont été observés pour les deux polymeéres relativement a
leur température de dépo6t. Le PSBDPP_C12 est plus performant lorsqu'il est déposé a température
ambiante (Jsc=2,6 mA cm™?; Voc=0,50 V; FF=0,47; PCE=0,61%), tandis que pour le PSBDPP_C10C6, les
meilleures performances (Jsc=0,64 mA cm?; Voc=0,61 V; FF=0,50; PCE=0,20%) ont été atteintes pour
un dépo6t a haute température. L'utilisation d'additifs pour le dép6t du PSBDPP_C10C6 a diminué les
performances. Les cellules basées sur le PSBDPP_C12 ont été préparées sous atmospheére inerte avec
la couche active déposée par «spin-coating». Ces nouvelles conditions ont conduit a une amélioration
des caractéristiques photovoltaiques (Jsc=5,9 mA cm™; Voc=0,54 V; FF=0,58; PCE=1,7%). Néanmoins,

les photocourant reste inférieur a celui calculé pour ce polymére. Pour en comprendre la raison, la
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mobilité de porteurs de charge, la morphologie et la ségrégation de phases ont été étudiées. Les
résultats ont montré comment, en dépit des niveaux d’énergie favorables et d’'une bonne mobilité de
porteurs de charge, une morphologie et une forte recombinaison de charges limitent le photocourant
et donc l'efficacité du dispositif.

La versatilité des structures chimiques ne limite pas la conception de polyméres conjugués
avec des propriétés électroniques adaptées pour viser des hautes rendements. Par contre, la
cristallinité de la phase polymére, sa miscibilité avec le PCs1:BM, le contréle de la morphologie et de la
stabilité du mélange a I'échelle nanométrique, sont des facteurs critiques.

En paralléle, I'une des questions a long terme pour la durabilité des OPV a été abordée. Un
dispositif expérimental pour étudier l'intégrité mécanique des structures multicouches a été
développé et appliqué a des dispositifs d’architectures inverses. Les résultats sur les dispositifs
P3HT:PCBM ont confirmé l'interface HTL/AL comme un point faible de I'empilement des couches.
Plusieurs matériaux pour I'AL et HTL ont ensuite été testés et le chemin de fracture identifié. En
particulier, ces nouveaux matériaux ont été développés dans le but d'améliorer I'adhésion par enter-
diffusion de ces couches. La caractérisation physique et chimique des demi-cellules obtenues apres
ces tests destructifs, nous a permis d'identifier et d'influencer certains des paramétres fondamentaux
impliqués dans I'adhésion des couches. Nous avons démontré comment ['utilisation d'un meilleur
solvant et des additifs pour le PEDOT:PSS utilisé comme HTL est une voie viable pour améliorer
I'adhésion entre HTL et AL En outre, l'utilisation d'une couche supplémentaire comme
compatibilisant a été explorée, mais sans grand succes. Néanmoins, nous pensons que la conception
du copolymeére a blocs compatibilisant et sa mise en oeuvre doivent étre poursuivies.

Le control de la morphologie a I'échelle nanométrique et de la séparation de phases (latérale
et verticale a la fois) de mélanges a base de polymeres sont essentielles, pour non seulement
améliorer les caractéristiques photovoltaiques du dispositif, mais aussi la stabilité

mécanique/chimique.
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1 Experimental Section of Synthesis and Characterization of LBGs

1.1 Materials

4,4'-Bis(2-ethylhexyl)-5,5'-bis(trimethyltin)-dithieno[3,2-b:2,3-d]silole was purchased from 1-
Material and used without further purification. 3,6-Bis(5-bromo-2-thienyl)-2,5-bis(2-hexyldecyl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione was purchased by Solarmer Materials Inc. and used without
further purification. Di-isopropylsuccinate, iron(lll) chloride anhydrous and K,COs; anhydrous were
purchased from ABCR and used without further purification. All other reagents and solvents were
purchased from Sigma Aldrich and used without further purification, unless otherwise stated. All
reactions using dry solvents were carried out with oven-dried glassware and under inert atmosphere

(N5), unless otherwise stated.

1.2 Instrument

'H-NMR spectra were recorded on a Bruker (400 MHz) spectrometer; chemical shifts are given
relative to tetramethylsilane (TMS).

UV-visible absorption spectra were recorded on a Shimadzu UV-2450 spectrophotometer and
on a Perkin ElImer Lambda 35 at room temperature.

Gel permeation chromatrography (GPC) was performed with an Agilent Technologies 1260
infinity eluted at 1mL/min with HPLC grade chlorobenzene (Sigma-Aldrich) at 50°C through a PLgel 10
um Mixed-B (300x7.5 mm) GPC column. The polymers were analysed with a refractive index detector
calibrated with narrow polystyrene standards. Samples were dissolved in HPLC grade chlorobenzene
at a concentration of 1-4 mg/mL and filtered. The measurement and the calculation of molecular
weights (M,, M,, and M) and dispersities (My/M,) were performed by Dr Graham Morse at Merck
Chemicals Ltd in the framework of ESTABLIS project.

Cyclic voltammetry was performed using a Princeton Applied Research VersaSTAT 4
potentiostat. Films of the polymers were cast from a concentrated chloroform solution onto a
platinum wire working electrode. These solid films were measured in an anhydrous acetonitrile
solution containing 0.1 M tetrabutyl ammonium tetrafluoroborate electrolyte with a platinum wire
counter electrode and 0.1 M Ag/AgNOs in acetonitrile reference electrode. The solutions were purged

with N, gas prior to use. The samples were referenced to an external ferrocene solution which was
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also used to calculate the LUMO position. The cyclic voltammetry measurements and HOMO/LUMO
calculations were performed by Dr. Graham Morse at Merck Chemicals Ltd in the framework of the
ESTABLIS project.

Thermogravimetric analyzes (TGA) were performed with a TA-Q50, with a weighing precision
of £ 0.01%, a sensitivity of 0.1 ug, isothermal temperature accuracy of + 1 °C, isothermal temperature
precision of + 0.1 °C and a controlled heating rate ranging from 0.1 to 100 °C/min. Aluminum pan
were used. Unless specified otherwise, the typical sample weight was =3 mg and the typical
procedure included a stabilization at 40 °C for 30 minutes and a heating ramp of 10°C/min up to
600°C.

Differential scanning calorimetry (DSC) measurements were performed with a TA-Q100, in
hermetic aluminum pan. Nitrogen flux was 50 ml s, Typical sample weight was =5 mg, unless
otherwise specified. Typical procedure included a first heating/cooling cycle performed at 10 °C/min
to erase the thermal history of the sample.

The morphologies of the polymer and blend films were analyzed using a Bruker Multimode-8
atomic force microscope operated in peak-force mode in ambient conditions at room temperature
and SCANASYST-AIR silicon tip on nitride lever (T: 600 nm; L: 115 pum; W: 25 um; f,: 70 kHz; k: 0.4
N/m). Few images were taken at Belectric OPV GmbH utilizing Nanosurf Easy Scan 2 AFM in contact
mode.

Photoluminescence measurements were performed on active layers which were excited at
796 nm by a Stellarnet Halogen lamp RG850 and IF495 filters, slit 0.5 mm. The PL emission was
detected by a Germanium (Ge) detector (ADC 403L) through lockin technique. The fluorescence
spectrum was corrected for the optical density of the sample at the excitation wavelength, and for

the detection sensitivity of the Ge detector.
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1.3 DPP series
1.3.1 Monomer synthesis

1.3.1.1 3,6-Dithiophene-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP, 1)

S (0]
| )\ o t-C5H11ONa
/ CN + o >
(0]

In a 250 ml double necked round bottom flask with a magnetic stirring bar, sodium (3.5 g, 0.15
mol) was added to 60 ml of t-amyl alcohol with a small amount of iron(lll) chloride anhydrous (50 mg,
0.3 mmol). The mixture was stirred under inert atmosphere (N,) for 1 h at 110 °C, until complete
sodium dissolution. The mixture was then cooled to 80 °C and 2-thiophene-carbonitryle (9.5 g, 0.87
mol) was added in one shot; then a solution of di-isopropylsuccinate (7.092 g, 0.35 mol) in t-amyl
alcohol was added drop-wise using a 100 ml dropping funnel. When the addition was completed, the
reaction was left at 85 °C for 5 h. The brown-red mixture was cooled at room temperature and
filtered on a Buchner funnel. The brown-red solid filtrate was washed several times with warm
deionized water and methanol. The final product (8.9 g, 85% yield) was dried under vacuum until
complete solvent removal.

Yield: 9.010 g, 0.30 mol, 85%

'H-NMR (dg-DMSO): 11.24 (s, 2H), 8.21 (d, J=4.0 Hz, 2H), 7.96 (d, J=4.0 Hz, 2H), 7.31 (dd, J;=4.0
Hz, J,=4.0 Hz, 2H)
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1.3.1.2 General N-alkylation procedure (DPP_Cn, 2)

CnH2n+1-Br
K2CO3 Anhyd

A two necked 100 ml round bottom flask with a magnetic stirring bar, was charged with 1 eq
of (1) in anhydrous DMF and stirred under inert atmosphere (N,) for 1h. 3.5 eq of anhydrous
potassium carbonate (K,COs) was added, together with 3 eq of C,H,+1-Br and 0.01 eq of 18-crown-6.
The mixture was stirred over night at 120 °C. The mixture was filtered on a Buchner funnel and the
filtrate washed several times with warm deionized water and methanol. The final product was dried

under vacuum until complete solvent removal.
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1.3.1.2.1 2,5-Didodecyl-3,6-dithiophene-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
(DPP_C12, 2a)

DMF anhydrous
18-Crown-6
K,CO3 anhydrous

* CyoHps—Br

(1): 2.010 g, 6.66 mmol

K>CO3 anhydrous: 3.200 g, 23.31 mmol

Ci2H2sBr: 5.022 g, 20.15 mmol

18-Crown-6: 30 mg, 0.11 mmol

DMF anhydrous: 50 ml

Yield: 2.680 g, 4.21 mmol, 63%

'H-NMR (CDCl3, 400 Hz): 8.85 (d, J=4.0 Hz, 2H), 7.57 (d, J=8 Hz, 2H), 7.22 (t, J;=4.0 Hz, J,=8.0
Hz, 2H), 4.00 (t, J;=8.0 Hz, J,=16.0 Hz, 4H), 1.61-1.73 (m, 4H), 1.10-1.35 (m, 36 H), 0.75-0.85 (t, J;=4.0
Hz, J,=12.0 Hz 6H)
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1.3.1.2.2 2,5-hexadecyl-3,6-dithiophene-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione
(DPP_C16, 2b)

DMF anhydrous
18-Crown-6
Ko,CO3 anhydrous

* CqeH33—Br

(1): 2.023 g, 6.66 mmol

K,CO3 anhydrous: 3.250 mg, 23.31 mmol

CigH33Br: 6.115 g, 20 mmol

18-Crown-6: 40 mg, 0.08 mmol

Yield: 4.251 g, 5.67 mmol, 86%

'H-NMR (CDCls, 400 Hz): 8.86 (d, J=4.0 Hz, 2H), 7.58 (d, J=4 Hz, 2H), 7.22 (t, J;=4.0 Hz, J,=8.0
Hz, 2H), 4.00 (t, J;=8.0 Hz, J,=16.0 Hz, 4H), 1.61-1.73 (m, 4H), 1.10-1.40 (m, 52 H), 0.77-0.85 (t, J,=4.0

Hz, J,=12.0 Hz 6H)
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1.3.1.3 General bromination procedure (DPP_Cn-Brz, 3)

A one neck 100 ml round bottom flask with magnetic stirring bar, was charged with 1 eq of (2)
in 50 ml of chloroform. After 30 min of stirring at room temperature, 2.2 eq of NBS were added in
small portion. The mixture was stirred at 60°C for 3 h in the dark. The mixture was filtered on Buchner
funnel and the crude product washed several times with MeOH. The final product was dried under

vacuum until complete solvent removal.

1.3.1.3.1 2,5-Dodecyl-3,6-bis(5-bromothiopen-2-yl)pyrrolo[3,4-c]-pyrrole-1,4-dione (DPP_C12-
Brz, M-2)
(2a): 1.5 g, 2.35 mmol
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NBS: 1.045 g, 5.88 mmol

CHCl3: 30 ml

Yield: 1.178 g, 1.63 mmol, 69%

'H-NMR (C,D,Cl;, 400 Hz): 8.45 (d, J=4.0 Hz, 2H), 7.15 (d, J=4.0 Hz, 2H), 3.87 (t, J;=8.0 Hz,
J,=16.0 Hz, 4H), 1-57-1.72 (m, 4H), 1.12-1.42 (m, 36 H), 0.77-0.86 (t, J;=4.0 Hz, J,=12.0 Hz 6H)
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1.3.1.3.2 2,5-Hexadecyl-3,6-bis(5-bromothiopen-2-yl)pyrrolo[3,4-c]-pyrrole-1,4-dione
(DPP_C16-Br2, M-3)

(2b): 1.054 g, 1.34 mmol

NBS: 580 mg, 3.26 mmol

CHCl3: 20 ml

Yield: 0.521, 0.57 mmol, 43%

'H-NMR (C,D,Cl,, 400 Hz): 8.45 (d, J=4.0 Hz, 2H), 7.15 (d, J=4.0 Hz, 2H), 3.87 (t, J;=8.0 Hz,
1,=16.0 Hz, 4H), 1-54-1.72 (m, 4H), 1.12-1.42 (m, 52 H), 0.75-0.90 (t, J;=4.0 Hz, J,=12.0 Hz 6H)
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1.3.1.4 Polymer synthesis
1.3.1.4.1 General Stille polycondensation procedure

Br HexEt- .. EtHex

+ m Pd,(dba); (o-Tolyl);P
Me3Sn SnMe, ChloroBenzene Anhy.

150°C

S S

A Schlenk tube with screw cap and a magnetic stirring bar, was charged with 1 equivalent of

4,4'-bis(2-ethylhexyl)-5,5'-bis(trimethyltin)-dithieno[3,2-b:2,3-d]silole (M-1), 1 equivalent of dithieno-
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DPP (M-2 to -4), 2% molar of Pd,(dba)s; and 10% molar of (o-tolyl)sP respect to the catalyst. Then few
milliliters of anhydrous chlorobenzene, previously purged with dry nitrogen, were added to the
reactor and 3 purge flow cycles are performed to eliminate the remaining oxygen and moisture. The
reaction was performed at 150°C for 2-3 hours in the dark. The product was precipitated in MeOH and
purified by Soxhlet extractor using a series of solvents (acetone, petroleum ether, cyclohexane,
toluene, chloroform and chlorobenzene) to remove residual catalyst and to fractionate the polymer

into different molecular weight fractions.

1.3.1.4.2 [(4,4-Bis(2-ethylhexyl)dithieno|[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-2,5-dodecyl-3,6-
bis(thiopen-2-yl)pyrrolo[3,4-c]-pyrrole-1,4-dione] - PSBDPP_C12
M-1: 596 mg, 0.80 mmol
M-2: 637 mg, 0.80 mmol
Pd,(dba)s: 15 mg, 0.016 mmol, 2% molar
(o-tolyl)sP: 24 mg, 0.08 mmol

Chlorobenzene anhydrous: 8 ml

Fraction Yield (%)

Cyclohexane 71mg | 0.07 mmol 9%

Toluene 632 mg | 0.600 mmol | 75%

Chlorobenzene | 42mg | 0.04 mmol | 5%

745 mg | 0.611 mmol | 89%

'H-NMR (CDCl5): 8.89 (2H), 7.00-6.60 (2H), 4.73 (4H), 2.00-0.90 (62 H), 0.90-0.50 (18H)
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1.3.1.4.3 [(4,4’-Bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-2,5-hexadecyl-3,6-
bis(thiopen-2-yl)pyrrolo[3,4-c]-pyrrole-1,4-dione] - PSBDPP_C16
M-1:328 mg, 0.44 mmol, 1 eq
M-3: 400 mg, 0.44 mmol, 1 eq
Pd,(dba)s: 10 mg, 0.01 mmol, 0.025 eq
(o-tolyl)sP: 16 mg, 0.05 mmol, 0.11 eq

Chlorobenzene anhydrous: 5 ml

Fraction Yield (%)
Cyclohexane | 53mg | 0.05mmol | 11%
Toluene 447 mg | 0.38 mmol | 86%
600 mg | 0.43 mmol | 97%

'H-NMR (CDCl5): 8.89 (2H), 7.00-6.60 (2H), 4.73 (4H), 2.00-0.90 (62 H), 0.90-0.50 (18H)
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1.3.1.4.4 [(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-2,5-hexyldecyl-3,6-
bis(thiopen-2-yl)pyrrolo[3,4-c]-pyrrole-1,4-dione] - PSBDPP_C6C10
M-1: 616 mg, 0.83 mmol
M-4: 753 mg, 0.83
Pd,(dba)s: 17 mg, 0.019 mmol
(o-tolyl)sP: 26 mg, 0.08 mmol

Chlorobenzene anhydrous: 8 ml

Fraction Yield (%)

Petroleum ether | 5mg | 0.004 mmol | 0.5%

Cyclohexane 500 mg | 0.43 mmol 52%

505mg | 0.43 mmol | 52.5%

'H-NMR (CDCl3): 8.89 (2H), 7.00-6.60 (2H), 4.73 (4H), 2.00-0.90 (62 H), 0.90-0.50 (18H)
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1.3.1.5 Thermal properties
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Figure 1 DSC thermograms of a) PSBDPP_C12, b) PSBDPP_C16 and c) PSBDPP_C110C6. Different temperature rates (2°C/min, black;
10°C/min red; 25°C/min blue) were used to investigate the polymer phase transition. The glass transition at =40°C in a) and b) has
been attributed to side-chain mobility, while the fusion/crystallization peak at =214°C concern all the polymer.
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1.4 DTP Series
1.4.1 Monomer synthesis

1.4.1.1 3’,4’-Dinitro-2,2":5',2"-terthiophene (1)
02N N02 OZN NOZ
Pd(PPh3),Cl,
@S B + / \ > S / \ S
S nbug Br Br THF anhydrous,
S No, ref. \ / S \ /

In a 100 ml one neck round bottom Schlenk flask with a magnetic stirring bar, was charged

with 2-tributylstannylthiophene (6.9 g, 21.7 mmol), 2,5-dibromo-3,4-dinitrothiophene (3.0 g, 9.0
mmol) and Pd(PPhs),Cl; (63 mg, 0.09 mmol). Anhydrous tetrahydrofuran (50 mL, THF) was added and
the mixture was stirred for 1 h at room temperature under inert atmosphere and then refluxed
overnight. The light brown solution was cooled at room temperature and precipitated in n-hexane.
The suspension was filtered on Buchner funnel under reduced pressure and a dark gold precipitate
was collected on the filter. The filtrate was washed several times with warm n-hexane and finally
dried under vacuum until complete solvent removal.

Yield: 2.5 g, 7.4 mmol, 82%

'H-NMR (CDCls, 400 Hz): 7.54 (d, J=8.0 Hz, 2H), 7.48 (d, J=4.0 Hz, 2H), 7.11 (t, J;=4.0 Hz, J,=8.0
Hz, 2H)
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5 2.0 65 6.0 5S S0 a5 40 s 3.0 25 20 1.5 1.0 0

1.4.1.2 5,5”-dibromo-3’,4’-dinitro-2,2":5',2"-terthiophene (2)

O-N NO, OoN NO,
s A N\ s LA W A
DMF anhydrous, r Br
\ T L " \ s

A one neck 100 ml round bottom Schlenk flask with a magnetic stirring bar, was charged with
(1) (2.5 g, 7.4 mmol) and 50 ml of anhydrous N,N-dimethylformamide (DMF) and stirred at room
temperature until complete dissolution of the solid. NBS (3.3 g, 18.5 mmol) was added in small
portions. The mixture was stirred at 50 °C overnight in the dark. The orange mixture was filtered on a
Buchner funnel and the filtrate washed several times with warm deionized water and methanol. The
final product, a bright orange powder, was dried under vacuum until complete solvent removal.

Yield: 2.9 g, 5.8 mmol, 79%

'H-NMR (CDCls, 400 Hz): 7.23 (d, J=4.0 Hz, 2H), 7.07 (d, J=4.0 Hz, 2H)
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o O,N  NO,
Br S / \ S Br

1.4.1.3 5,5”-dibromo-3’,4’-diamino-2,2":5',2"-terthiophene (3)
O,N NO, HoN NH,

s S I \_ s Fe g S_ I N\ s

Py

Vs T AcoH.a s )

A one neck 100 ml round bottom flask with a magnetic stirring bar, was charged with 1

Br

equivalent of (2) and 10 equivalent of iron powder. Acetic acid was added (50 ml) and the mixture
was heated at 60°C for 1h. The final brown mixture was filtered on Buchner funnel under reduced
pressure to separate the iron powder from the product. The product (3) was directly utilized in the
next synthesis step without any purification, accounting for a 100% vyield in stoichiometric

consideration.
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1.4.1.4 Di-6-(1,4-benzodioxane)ethanedione (4b)

o)
_>
/N O/_\o o O

O O
Mg i) CuBr, 2LiBr

Y { °
Cl (6]

THF Anhyd.
o

Br BrMg

In a one neck 250 ml round bottom Schlenk flask with a magnetic stirring bar, a solution of LiBr
(1.61 g, 18.6 mmol) in anhydrous THF (15 ml) to a suspension of CuBr (1.33 g, 9.3 mmol) in anhydrous
THF (20 ml). The mixture was stirred at room temperature until it became homogeneous and then
cooled at 0°C. To this mixture a solution of 6-(1,4-benzodioxane)magnesium bromide in anhydrous
THF, freshly prepared from 6-bromo-1,4-benzodioxane (2.00 g, 9.3 mmol) and Mg (0.23 g, 9.3 mmol),
was added dropwise. After 15 minutes 0.31 ml of oxalyl chloride (471 mg, 3.7 mmol) was quickly
added to the stirring mixture. The solution was stirred for 30 minutes at 0°C and then let it warm to
room temperature. The mixture was then quenched with a saturated aqueous NH4Cl solution and
extraxted with ethyl acetate. The organic phase was dried over Na,SO, and concentrated under
vacuum.

Yield: 1.5 g, 3.06 mmol, 83%

'H-NMR (CDCls, 400 Hz): 7.43 (s, 2H), 7.39 (d, J=8.0 Hz, 2H), 6.86 (d, J= 8.0 Hz, 2H), 4.20 (m, 8H)
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1.4.1.5 General procedure for the nucleophilic attack of the 5,5”-dibromo-3’,4’-diamino-

2,2":5',2"-terthiophene (3) to the a-dione (4a and 4b)

HN NH, Ar>_<Ar
Br \S/ S Br + ACSH >
S
\_/ AC 0 B S A N s_ g
\ / S \/

A one neck 100 ml round bottom flask with magnetic stirring bar, was charged with 1 eq of (3)
in AcOH. After 30 min of stirring at room temperature, 3 eq of 4 were added in small portion. The
mixture was stirred at 60 °C overnight. The mixture was filtered on Buchner funnel and the crude
product washed several times with H,O and MeOH. The final product was dried under vacuum until

complete solvent removal.
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1.4.1.6 5,7-Bis(3-bromothiophen-2-yl)-2,3-di(thiophen-2-yl)thieno[3,4-b]pyrazine (M-5,

DTP_Th)

HoN NH>
AcOH .

Br S U\ S g

\ /A A\

(3):1.23 g, 2.8 mmol

(4a): 2,00 g, 9.00 mmol

AcOH: 60 ml

Yield: 0.96 g, 1.5 mmol, 54%

'H-NMR (CDCls, 400 Hz): 7.48 (d, J=8.0 Hz, 2H), 7.28 (d, J=4.0 Hz, 2H), 7.20 (d, J=4.0 Hz, 2H),

6.97 (m, 2H+2H)

“n

a,d
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1.4.1.7 5,7-bis(3-bromothiophen-2-yl)-2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(2,3-
dihydrobenzo[b][1,4]dioxin-7-yl)thieno[3,4-b]pyrazine (DTP_EDOPh, M-6)

% &
o
7 N\
AcOH NN

A se A\ s g

Br
\ /S \
M-6

(3):0.69 g, 1.59 mmol

(4b): 1.3 g, 3.98 mmol

AcOH: 40 ml

Yield: 0.61 g, 0.84 mmol, 53%

'H-NMR (CDCls, 400 Hz): 7.44 (s, 2H), 7.39 (d, J=8.0 Hz, 2H), 7.22 (d, J=4.0 Hz, 2H), 6.86 (d,
J=8.0 Hz, 2H), 6.74 (d, J=8.0 Hz, 2H), 4.20 (m, 8H)
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1.4.2 Polymer synthesis

1.4.2.1 General Stille polycondensation procedure

A Schlenk tube with screw cap and a magnetic stirring bar, was charged with 1 equivalent of
4,4'-bis(2-ethylhexyl)-5,5'-bis(trimethyltin)-dithieno[3,2-b:2,3-d]silole (M-1), 1 equivalent of dithieno-
DTP (M-5 or M-6), 2% molar of Pd,(dba)s and 10% molar of (o-Tolyl)sP respect to the catalyst. Then
few milliliters of anhydrous chlorobenzene, previously purged with dry nitrogen, were added to the
reactor and 3 purge flow cycles were performed to eliminate the remaining oxygen and moisture. The
reaction was performed at 150 °C for few hours in the dark. The product was precipitated in MeOH
and purified by Soxhlet extractor using a series of solvents (acetone, petroleum ether, cyclohexane,
toluene, chloroform and chlorobenzene) to remove residual catalyst and to fractionate the different

molecular weight molecules.
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1.4.2.2 [(4,4’-bis(2-ethylhexyl)dithieno][3,2-b:2’,3’-d]silole)-2,6-diyl-alt-5,7-bisthiophen-2-
yl)-2,3-di(thiophen-2-yl)thieno[3,4-b]pyrazine] - PSBDPP_Th
M-1:0.60 g, 0.81 mmol
M-5: 0.50 g, 0.81 mmol
Pd,(dba)s: 14.8 mg, 0.016 mmol
(o-Tolyl)sP: 24.5 mg, 0.081 mmol

Chlorobenzene anhydrous: 5 ml

Fraction Yield (%)

Cyclohexane 43 mg | 0.05mmol | 6%

Toluene 125 mg | 0.14 mmol | 17%

Chlorobenzene | 270 mg | 0.31 mmol | 38%

Soxhlet residual | 92 mg | 0.10 mmol | 12%

530 mg | 0.60 mmol | 73%
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1.4.2.3 [(4,4’-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)-2,6-diyl]-alt-[5,7-bithiophen-
2-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-3-(2,3-dihydrobenzo[b][1,4]dioxin-7-
yl)thieno[3,4-b]pyrazine] - PSBDTP_EDOPh
M-1:0.57 g, 0.76 mmol
M-6: 0.55 g, 0.76 mmol
Pd,(dba)s: 13.7 mg, 0.015 mmol
(o-Tolyl)sP: 23.1 mg, 0.076 mmol

Chlorobenzene anhydrous: 5 ml

Fraction Yield (%)

Cyclohexane | 26 mg | 0.03 mmol | 4%

Toluene 210 mg | 0.21 mmol | 28%

236 mg | 0.24 mmol | 32%
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2 Application in Inverted Devices

2.1.1 OPV device preparation and characterizations at Belectric OPV GmbH

To fabricate the cells ITO coated glass substrates were used. ITO substrates were wiped with a
soft isopropyl alcohol (IPA) soaked tissue before being sonicated in IPA for 15 mins. A thin layer of
Zn0O nanoparticles was deposited by doctor blading from isopropanol solution onto ITO-substrate and
annealed at 140 °C for 10 min. Afterwards, a solution of PSBDPP and PCg;BM 10:20 mg/mL in the
solvent of choice was doctor bladed on top of the ZnO layer. PEDOT: PSS solution was doctor bladed
onto the active layer without any following thermal treatment. A silver electrode (150 nm) was
vacuum deposited on top to complete the device (27 mmz).

Absorption spectra were recorded with a Perkin Elmer Lambda 35 UV-vis spectrometer
outside the glove box during device fabrication. J-V curves were measured in the glove box with a
Xenon arc lamp (AM 1.5, 100 mW cm_z) and a custom software. EQE curves were measured outside

the glove box

2.1.2 OPV device preparation and characterizations at i-MEET

Zn0O nanoparticles suspension in isopropanol was spin coated at 3000 rpm on previously
cleaned (15 minutes of sonicating bath in isopraponol) 2.5x2.5 cm glass/ITO slides and then annealed
at 140 °C for 10 minutes. A solution of PSBDPP_C12:PCs;BM 1:2 (m/m) in o-xylene (or chlorobenzene)
with 10 mg/ml of polymers was prepared inside the glove box and stirred at 80 °C for few hours
before coating. The active layer was spin-coated on top of the ZnO layer at 500, 1000, 2000 and 4000
rpm for 60 s by dynamic deposition.

J-V curves of all the devices were recorded using a source measurement unit from BoTest.
[llumination was provided by a solar simulator (Oriel Sol 1 A from Newport) with AM1.5G spectrum
and light intensity of 100 MW cm-2, which was calibrated by a certified silicon solar cell.

The EQE spectra were recorded with an EQE measurement system (QE-R) from Enli
Technology (Taiwan). The light intensity at each wavelength was calibrated with a standard single-

crystal Si solar cell.
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Figure 2.1 EQE curves (left axis) and absorption (%) (right axis) for a) PSBDPP_C10C6 based devices where the AL was coated at
different temperature; b) PSBDPP_C12 based devices where the AL was coated at different temperature; c) PSBDPP_C10C6 based
devices where the AL was coated from different solvent systems.
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Figure 2.2 EQE curves of devices prepared at i-MEET (spin-coated under inert atmosphere) with AL deposited from o-xylene
(a) and chlorobenzene (b) solutions.
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2.1.4 OFET preparation and characterization

Bottom-gate bottom-contact transistors featuring 230 nm thermally grown oxide on n++-
doped silicon (Fraunhofer Institute, capacitance 1.5 x 10° F/cm?) were used. For these devices with
interdigitated Au source drain electrodes, the channel width was 10 mm and the channel length was
20 um. The silicon surface was treated with ozone (5 min ozone generation and 25 min incubation).
The semiconducting layer consisting of PSBDPP_C12 (8 mg/mL dissolved in a mixture of 97.5%
chloroform and 2.5% o-dichlorobenzene) was deposited by spin-coating at 1500 rpm for 60 sec with
thermal annealing at 80°C for 30 min before characterization. Devices were characterized at room
temperature in a N, atmosphere inside a glove-box, using a Cascade Microtech M150 probe station
and Keithley.

Details about mobility calculation of field-effect transistors can be found in Ref [43]

2.1.5 AFM images

PSBDPP_C10C6:PCBM 1:2
from 95:5 (V/V)
o-xylene:Methylnaphtalene solution
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.. Coated at25°C
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Figure 2.3 AFM contact micrographs (height and phase) of PSBDPP_C10C6:PC¢;BM 1:2 doctor bladed from a 95:5 (V/V) o-
xylene:methylnaphtalene solution at 25°C (top) and 80°C (bottom). These micrographs were taken with a Nanosurf EasyScan 2 AFM.
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2.1.6 Femtosecond transient absorption spectroscopy

Ultrafast spectroscopy (typically 107*-10™? s) enables us to understand functional, structural
and electronic properties of materials. Femtosecond transient absorption spectra yield important
device parameters like yield of immediate charge carrier formation (from interfacial charge transfer
states), yield of delayed charge carrier formation (due to exciton diffusion to interface), picosecond
recombination losses and the reason for them (CT states, triplet states, etc). A detailed schematic of
femtosecond pump-probe spectroscopy setup used to investigate organic solar cells in this thesis is

shown in Figure 2.4.

BS: Beam Splitter C: Chopper

M: Mirror VA: Variable Attenuator
SHG: Second Harmonic Generator L: Lens

CC: Corner Cube S: Sapphire Crystal

TS: Translation stage NF: Notch Filter

P: Polarizer CF: Colour Filter

SH: Sample Holder

M SHG —> CC —> p4>.—>VA v PC
Clark CPA = Vel

2101 Pump M Stresing

BS \
> VA e/ L%‘ S
M
Reference probe
N v

Figure 2.4 Schematics of femtosecond pump probe spectroscopy experimental setup.

y
4

BS
Probe

A regeneratively amplified laser system was used for producing femtosecond pulses (150 fs) at
1 kHz repetition rate (Clark-MXR CPA2101). The 775 nm pulses were split into two parts: one part was
frequency doubled using an LBO crystal (pump pulses), the other part was focused onto a 2 mm
Sapphire plate, producing a femtosecond white light super continuum from 420-1600 nm (probe
pulses). The probe pulses were focused onto the sample (about 150 um diameter), and overlapped
with the pump pulse (about 300 um diameter), the delay time of which was controlled via a
mechanical translation stage and a corner cube reflector. After transmission through the sample the
probe pulses were sent to a prism spectrometer (Entwicklungsbiro Stresing GmbH) with a CCD array

(256 pixels, VIS-enhanced InGaAs, Hamamatsu Photonics Inc.). Data acquisition and modelling was
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done by custom built Python software, using open source packages Matplotlib, PyQt4, SciPy, Pyserial,
among others. All measurements were done in a cryostat having dynamic vacuum about 10 mbar.
Sample details:
Sample: Films of neat polymer (PSBDPP_C12) and active layer blend (PSBDPP_C12:PCs:BM)
Excitation wavelength: 387 nm and 775 nm with 150 fs, 500 Hz, pulses
Probing: 0.9 eV to 2.5 eV (with white light)
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3 Experimental Section of Mechanical Integrity of OPV Devices

3.1 Pull-Off Apparatus and Materials

The instrument used for the pull-off test apparatus is an in-house built machine, originally
used for the flat-probe tack test [54]. It consists of two rigid surfaces, flat and parallel: a cylindrical
indenter with a flat surface and a sample holder on which the specimen can be secured. An engine
allows the vertical displacement of the indenter, which is connected to a force sensor (TME F108TC,
with an operating range of 1-100 N and a sensitivity of 0.05 N) attached to a moving crosshead. The
force sensor and a position sensor provide access to every moment t the force F(t) and the crosshead

position z(t).

Sampling frequence | 10-1000 Hz

Pulling speed range | 10-500 pum st

F(t) sensitivity + 0.05N

z(t) sensitivity +1um

The adhesive utilized was a two component epoxy adhesive, under the commercial name
SADER® from Bostik S. A. (5 min hardening, maximum load 130 kg/cm2)

The pictures were taken with a Canon IXUS 132 and the software utilized to treat the images
was ImageJ (National Institutes of Health, Open source under Title 17, Section 105 of USA code).

Contact Angle measurement were performed with Digidrop DGD-Fast 60, Contact Angle
Meter, GBX in ambient condition. The images were analyzed utilizing a specific GBX software. The
solvents used were purchased by Sigma Aldrich and used without any further purification. Milli-Q
water was freshly poured from a Millipore Synergy-UV.

The Optical Microscope Images have been taken with a LEICA DM LM Composed Optical

Microscope equipped with a LEICA DFC280 Camera in transmission and reflection modes.

3.2 Sample preparation
The devices fabricated by Dr. Stefan Schumann on 5x5 cm glass/ITO substrate, where cut in
square pieces of approximately 1.4x1.4 cm, using a glass cutter. The squares were cut from the center

of the plate, in order to exclude a band of approximately =0.5 cm from the edges, where the films
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were inhomogeneous. During this phase the silver top electrode did not touch the working table

surface and glass particle generated by the cutting were gently removed with an air blower.

3.3 Experimental protocol

The specimen was carefully positioned in the center of the sample holder and fixed in it using
the screw ring cap. An aluminum disc (12 mm in diameter) was stuck to the indenter head using the
epoxy adhesive, in such a way to be strictly parallel to the indenter. The indenter was then put in
place on the crosshead. The epoxy adhesive was prepared mixing together the same volume of epoxy
resin and hardener. A drop of the liquid adhesive was deposited at the center of the specimen and
the measure is started. All the parameters for each step (contact, curing and pulling) were previously
entered in the software: force threshold, sampling frequency, pulling speed, etc. From the F(t) curve is
possible to directly extract the strain at break (N), as the maximum force before failure.

Once the experiment ended, the two half devices (Lower and Upper half-cell) are
photographed, in order to have a visual evaluation of the area effectively removed. This area will be
measured afterwards using the ImageJ software. The pictures are taken with a Canon IXUS 132 from a
fixed distance of 10 cm, orthogonally to the disc surface.

The stress at break is calculated simply as the Strain at Break per unit area (equation (3.1) ):

Strain at Break (N)
Removed Surface (m?)

Stress at Break (Pa) = (3.1)

The experiment has been repeated between 4 and 8 times for each different samples.

The half devices are then characterized by Contact Angle, AFM, Optical Microscopy and XPS.

3.4 Contact Angle measurement and Surface Energy Calculation

The study of interactions between a solid and a liquid allows the characterization of the solid
surface and the prediction, for instance, of its ability to be joined to other materials. One of the most
suitable methods to characterize solid surfaces is the determination, by wettability measurement, of
the surface free energy. The equilibrium of a liquid droplet on a solid surface is controlled by the same
van der Waals forces, which will determine the adhesive characteristic. When a new surface is
generated, the atoms located at the surface do not immediately reach their equilibrium position. A
phenomenon of stress and strain relaxation occurs. The elementary work needed to extend a solid

surface is dW =y - dA.
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In the case of liquids, it is possible to experimentally measure y, while the absence of mobility
of atoms and molecules of solids does not allow a direct determination of ys. It is therefore necessary
to use an indirect method, such as the study of interfacial solid-liquid interactions.

When a droplet of a liquid (I) with its vapor (v) is at rest on a solid surface (s) it takes a
configuration which minimizes the energy of the system. This equilibrium state is expressed by the

Young’s equation (equation ( 3.2 )):

Ysv = Vst T+ Vi €OS 0 (3.2)
where ¥, ¥s1 and y;, are the surface energies of the
Vapor e solid/vapor, solid/liquid and liquid/vapor surfaces and 8 is
Liquid the contact angle between the solid and the liquid (Figure
_ sl 0 st= 3.1). The Young’s equation mathematically relate y,, and
solid Y51 to two readily measurable properties y;, and the

contact angle 6, however, there is no experimental means

Figure 3.1 Schematic of a liquid drop showing the 1O separate them. Good and Girifalco [94] considered the

quantities involved in Young's equation. . e .. ..
formation of a solid/liquid interface to be similar to the

formation of a liquid/liquid interface, with the basic difference that in case of liquid/liquid interfaces
all the surface energies can be directly measured. In their study, they noticed the formation of a
liquid/liquid interface was promoted when the two liquids were compatible, or capable of similar
cohesive interactions. From this observation they developed the two-component surface energy
theory. Practically, they defined liquids capable of only van der Waals interaction as dispersive, while
all other interactions were described as polar (dipole/dipole, hydrogen bonding, r-m interactions, etc).
Thus, it is possible to separate the surface energy of a liquid into these two contributions (equation (
3.3)):

o=yl +vi (3.3)
where yP and y! are respectively the dispersive and polar components. According to the same
principle the surface energy of a solid, is termed as (equation ( 3.3 )):

vs =vs +vs (3.4)
where y2 and y£ are respectively the dispersive and polar components.

Their observation lead them to develop an empirical equation, able to predict the energy of

formation of a liquid/liquid interface (equation ( 3.5)):
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BGrp = =2 |(PYD) 2+ (YD) '] (3.5)
where y? and yf and y? and y?¥ are, respectively, the dispersive and polar components of the surface
energy of liquids 1 and 2.

Different theories have been developed based on Good and Girifalco work. The more general
and popular of which are the Owens-Wendt [95] and Fowkes [96] method. Owens-Wend assumed
that the polar and non-polar components of surface energy could have been combined as a geometric
average (equation ( 3.5 )) with Young equation (equation ( 3.2 )), obtaining (equation ( 3.6 )):
y.(cos6 + 1)

1
(GBvD) T2 + (rvD) Vo] = === (3.6)
that can be rearranged in the form of y = mx + b:
yL(cos 6 + 1) \/Vs \/VL
(3.7)
2\vf

to give the Owens-Wendt equation ( 3.7 ). The polar and dispersive components of the solid surface
energy can be directed extracted as slope and intercept of the resulting graph. Of course, the problem
at this point is that in order to make that graph, knowing the surface energy of the probe liquid is not
enough, as it is necessary to know specifically how it breaks down into its polar and dispersive
components as well. To do this, one can simply reverse the procedure by testing the probe liquid
against a standard reference solid that is not capable of polar interactions, such as PTFE. The values of
y2 and y! of many liquids, are available in publication and open archives and, indeed, it is not
necessary to measure them against a standard.

In order to measure the surface energy of the pristine reference samples of active layer
(P3HT/PSBTBT/PDTSTzTz:PCs;BM) or hole conductive layers (Clevios™ HTL Solar, Solar N and Solar
2), we tested a series of solvents that cover the range of y? and y/. The solvents selected for our

study, with their surface energy components are reported in Table 3.1.
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Table 3.1 Series of solvents used in contact angle measurement and their surface energy, with specified dispersive and polar
components values at 20°C [97].

L. Surface Energy (mN/m)
Liquid D P
Y Y Y
n-Octanol 27.5 25.5 2.0
Water 73 22 51
Di-iodomethane 51 49 2
Formamide 58 40 19
Ethanol 214 18.8 2.6

Prior to utilize these solvents, their ability of solubilizing the different layers has been checked.
A drop of solvent was deposed on the polymer surface and the evolution of its shape observed for 30
seconds, using the camera of the Contact Angle Meter. If no evolution was observed, the liquid was
removed avoiding any contact with the surface. The remaining solvent was allowed to evaporate at
ambient condition and the surface was observed by Optical Microscopy to verify any modification of
the surface.

The contact angle values were acquired by a sessile drop contact angle system. The droplet is
deposited by a syringe pointed vertically down onto the sample surface, and a high resolution camera
captures the image, which can then be analyzed using a specific image analysis software. The angle
formed between the liquid/solid interface and the liquid/vapor interface is the contact angle. The
measure were performed at ambient condition (=20°C, RH unknown). The size of the drops was varied

between 15 and 30 ul and at least three different measure were performed for each sample.
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3.5 AFM analysis

Peak force tapping AFM [98] has been introduced as an AFM imaging mode that also allows
mechanical property mapping. In a peak force tapping experiment the sample is oscillated at a rate
well below the resonance frequency of the AFM cantilever. The AFM feedback uses the maximum
force load (peak force) as its control signal to maintain a constant imaging force, which reduce sample
damage and tip wear. As a result multiple force vs. time curves are being recorded and averaged on
each probed sample pixel. From the corresponding force distance curves mechanical parameters like

adhesion, deformation and the elastic modulus can be determined.

3.6 XPS

XPS measurements were carried out using a multichamber UHV system (base pressure 10-10
mbar), equipped with a SPECS Phoibos 150 cylindrical hemispherical analyzer and a monochromatic Al
Ka source (Focus 500 monochromator XR50m X-ray source, Al Ka 1486.74 eV).

All the measurement where carried out by Aurélien Tournebize (ESR10) at the Eberhard Karls

Universitat Tlbingen. The author refers to his Thesis for further experimental details.
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