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Kurzfassung

Kurzfassung

Polymere mit Halbleiter-Eigenschaften haben ein grofRes Anwendungspotential in der
organischen Photovoltaik, da sich ihre optischen und elektronischen Eigenschaften tber die
molekulare Struktur gezielt andern lassen. Durch die Synthese von Copolymeren mit
besonders kleiner optischer Bandliicke (low-bandgap Copolymere) konnte die Absorption von
Sonnenlicht weiter in den infraroten Spektralbereich ausgedehnt und somit die Konversion
von Sonnenlicht in elektrische Energie deutlich verbessert werden. Diese neuartigen Donor-
Akzeptor Materialien basieren auf einer alternierenden Anordnung von elektronen-reichen
und -armen Bldcken, die durch elektronische Kopplung neue Energieniveaus mit Kkleinerer
optischer Bandluicke bilden.

Ziel dieser Arbeit ist die eingehende Untersuchung der photophysikalischen Eigenschaften
dieser weitgehend unerforschten Molekdle. Die ersten drei Kapitel bieten dem Leser eine
Einflhrung in das Forschungsgebiet und in die theoretische Beschreibung konjugierter
Polymere, sowie einen Uberblick tber den aktuellen technischen Stand organischer
Photovoltaik. Kapitel 4 gibt eine Zusammenfassung der verwendeten experimentellen und
theoretischen Methoden.

Der erste Teil der Untersuchung von Donor-Akzeptor Materialien gilt den Photoanregungen
und der korrekten Zuordnung ihrer spektralen Signaturen (Kap. 5). Diese ermdglicht eine
Zuordnung der spektralen Signaturen zu stark gebundenen, elektrisch neutralen Exzitonen,
bzw. leichter zu trennenden Ladungstragerpaaren mit kleinerer Bindungsenergie, sogenannten
Polaronenpaaren. Aufgrund der schwachen elektrischen Abschirmung von Ladungen in
organischen Materialen liegen die meisten Photoanregungen als Exzitonen vor. In dieser
Hinsicht zeigen spektroskopische Messungen auf Femtosekunden-Zeitskala erstmals den
andersartigen Charakter von Donor-Akzeptor Materialien und demonstrieren den grof3en
Einfluss ihrer Struktur auf die Art der erzeugten Photoanregungen. Sie zeigen, dass bei
Photoanregungen dieser neuartigen Materialien neben Exzitonen auch ein betrachtlicher
Anteil an Polaronenpaaren entsteht. Diese Donor-Akzeptor Materialien weisen einen
Polaronenpaar-Anteil von bis zu 24% aller Photoanregungen auf, was dem Dreifachen der
Effizienz vergleichbarer Homopolymere entspricht (Kap. 6). Weitere Untersuchungen zeigen
auflerdem eine erhdhte Erzeugungsrate bei kirzeren Anregungswellenlangen. Dies kann auf
eine Korrelation mit einem ausgepragten Elektronentransfer der involvierten Wellenfunktion
zurilickgefuhrt werden, welcher in theoretischen Simulationen deutlich wird (Kap. 7).
Zusammenfassend geben die in dieser Arbeit dargestellten Ergebnisse einen detaillierten
Einblick in die optischen und elektronischen Eigenschaften von Donor-Akzeptor
Copolymeren und den starken Einfluss der molekularen Struktur auf die ersten Schritte der
photovoltaischen Stromerzeugung. Zusammenhédnge zweier Schllsselfaktoren fir die
Effizienzsteigerung zukunftiger organischer Solarzellen mit Materialparametern werden
deutlich. Dies sind die Erzeugungseffizienz und die Lebensdauer von Polaronenpaaren und
deren Abhéngigkeit von der Elektronegativitdt und der Abstand von Akzeptor- zu
benachbarten Donorsegmenten. Weiterhin konnte eine ausgepréagte Polaronenpaar Erzeugung
Uber das ganze Absorptionsspektrum nachgewiesen werden. Diese Erkenntnisse bieten eine
groRe Hilfestellung bei der weiteren Optimierung von Polymeren fiir Photovoltaik. AuRerdem
heben sie den wichtigen Beitrag der Ultrakurzzeit Spektroskopie zum grundlegenden
Verstdndnis der Polaronenpaarerzeugung hervor. Mit diesen Mitteln konnte eine
Verringerung des Spannungsverlustes moglich werden, der zur Ladungstragertrennung in
organischen Materialien notig ist.
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Abstract

Polymeric semiconductors attract a great deal of attention due to their ability to achieve
unique optical and electronic properties by tailoring their chemical structure. This allows
synthesizing fully conjugated, novel materials with suitable functionalities for organic
electronics. For organic photovoltaics, the development of a novel class of materials
significantly improved the infrared light absorption and resulted in a better coverage of the
solar spectrum. These novel low-bandgap materials, i.e. donor-acceptor copolymers, are based
on an alternating arrangement of electron donating and accepting moieties within their
repeating unit. They exhibit an exceptionally enhanced absorption behavior what is attributed
to their highly electronic coupling.

This work is focused on the physical properties of these novel and largely unexplored
materials, with an emphasis on light absorption and charge carrier formation. In the first three
chapters a proper introduction to the scientific field, the theoretical background and a brief
overview on the state of the art of organic photovoltaics is given. Afterwards, the large variety
of employed experimental and theoretical methods will be described in detail in the fourth
chapter.

A careful study of the photoexcited states and their spectral signatures in donor-acceptor
copolymers is the first step of their characterization, as presented in the fifth chapter. This
allows the assignment of different spectral features to strongly bound, electrically neutral
excitons, or to spatially separated charge carriers with weaker Coulomb interaction, called
polaron pairs. Due to the weak dielectric screening, which is typical of most organic
materials, strongly bound excitons are the major species of formed photoexcitations.
However, polaron pairs promise easier dissociation and thus are of great interest regarding
their contribution to photocurrent. Observing photoexcitations on femtosecond timescale by
ultrafast spectroscopy reveals for the first time a strong impact of the alternating donor-
acceptor units on the evolution of generated photoexcitations, as presented in the sixth
chapter. In these novel copolymers, not only excitons are formed by light absorption, but also
a substantial amount of weakly bound polaron pairs. The found polaron pair yields in donor-
acceptor materials reach up to 24% and are thus about three times higher than for commonly
used homopolymers. Further experiments, applying different excitation energies, discovered
even increased polaron pair yields when exciting with significant excess energy. A strong
correlation between polaron pair yield and a calculated charge transfer character of the
involved electron wave functions is found to be the origin of this improved behavior, as
detailed in the seventh chapter. Further localization due to spatial restrictions in small donor-
acceptor molecules significantly increases this effect and are shown to exhibit even higher
polaron pair yields.

Altogether, this study offers a detailed view on the optical and electronic properties of donor-
acceptor copolymers. The results in this study illustrate the important role of chemical
structure on the first steps of photovoltaic action, i.e. the formation of charge carriers and their
dissociation. We can then relate two key factors for the success of future photovoltaic devices,
namely polaron pair formation and their lifetime, to the material’s chemical structure, i.e. the
acceptor electron affinity, its separation to the neighboring donor units and the molecular
chain length. Furthermore, a substantial polaron pair yield through the whole absorption
spectrum of such materials is demonstrated. These results provide the first platform for
rational designing of new materials for organic photovoltaics and place ultrafast spectroscopy
as an important tool for understanding the governing factors of polaron pair formation, which
is of utmost importance in this context. By that, a successful reduction of the required voltage
loss for dissociation and extraction of charge carriers from organic materials might thus
become reality in near future.
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Introduction

1. Introduction

“Die Sonne schickt uns keine Rechnung”
Franz Alt

“The sun doesn’t send us a bill”. With this citation, the book author and moderator Franz Alt
advertises in a very elegant way the free harvesting of solar energy [1]. Also because of
contributions like this, the awareness has been growing in the past few decades, that a
satisfaction of our ever increasing energy demands the exploration of new routes towards
renewable sources. Typically, this insight is guided by obvious changes in our environment
and the consequences for our every life, which are in turn the direct outcome of our extensive
burning of non-renewable energy sources. These are increasing energy costs because of the
shrinking oil reservoir, and also changes in our planet’s climate due to vast emission of COy,
as well as the radioactive contamination of large landscapes by nuclear breakdowns. To
overcome the need of fossil or hazardous resources, large efforts have been made to increase
the contribution of renewable sources to our supply of electrical energy. In the year 2011, the
total renewable share of global energy consumption was 16.7% [2], including techniques like
biomass, hydro, geothermal and solar energy harvesting. In Germany, photovoltaic devices
exhibit as a part of these a pleasing growth rate, which allowed to increase its contribution
from 3% in in the year 2011 to an expected value above 4.5% at the end of 2012 [3].
Nevertheless, to maintain its high growth rate and achieve a competitive price for solar
energy, significant efforts in research and development are made toward an increase of
efficiency and a reduction of costs for photovoltaic devices.

The latter goal has been mainly adressed by the development of 3™ generation solar cells,
which include especially thin-film and organic solar cells. Although their efficiency is
reduced compared to traditional silicon devices, thin-film architecture is less expensive and
eases the requirements on material crystallinity and charge carrier mobility due to the shorter
extraction length for charge carriers. Not only silicon based thin-film solar cells have been
realized, but also successful devices based on organic materials, i.e. in special organic
conjugated polymers and small molecules. These molecular materials combine
semiconductivity and desirable optical properties with attractive physical characteristics,
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known from the field of plastics. The latter are mechanical flexibility, non-toxicity and the
promising ability for large-scale processibility via roll-to-roll printing from solution.
Moreover, these beneficial properties and the high potential for upscaling the fabrication size
and speed make organic solar cells promising candidates for mass production [4]. Despite
their promising properties, organic solar cells suffer from lower power conversion efficiencies
than inorganic cells [5]. The record in terms of power conversion efficiency for these solar
cells has recently been reported with 10% [5]. One of the main obstacles of organic solar cells
to show better performance is the small dielectric constant of these materials, which is
typically on the order of only 3.5 compared to 11 of silicon. This results in poor electric
screening and thus a strong Coulomb interaction of charge carriers in such systems [6]. While
this strong binding between charge carriers is regarded as beneficial for luminescent devices
like organic light emitting diodes (OLEDSs) [7], it is a crucial disadvantage for the aimed
separation of photogenerated charge carrier pairs in organic solar cells [8]. Because of the
large binding energy of photogenerated electron-hole pairs (> 0.5 eV), organic solar cells are
typically based on bulk heterojunctions using a mixed blend of a suitable polymer and a
derivative of the strongly electron-accepting Buckminster fullerene. A pronounced energy
level offset provides the required driving force for charge separation at the interface between
polymer and fullerene, which in turn results in a significant loss of usable solar cell voltage
[9]. Light absorption and formation of strongly bound electron-hole pairs, so-called Frenkel
excitons, is known to be almost exclusively performed by the polymer in the blend, while
their dissociation still needs to be understood and has been subject of intensive recent
investigations [6,10—14]. Several experimental and theoretical studies have investigated these
first steps of charge carrier generation. Some of them suggested that among the primary
photoexcitations are not only strongly bound Frenkel excitons, but also to a certain ratio
spatially separated but still Coulomb bound charge carrier pairs, namely polaron pairs [15—
17]. There are strong indications that the latter exhibit a weaker binding energy and thus
require less driving force for their dissociation. Thus generating more polaron pairs and
reducing their binding energy would be the first step in overcoming the detrimental strong
Coulomb-coupling.

With this background, the focus of this work lies on the investigation of photophysical
properties of novel materials for organic photovoltaics, i.e. low-bandgap copolymers [18,19].
By using these materials, highly efficient organic solar cells with record breaking power
conversion efficiencies have been realized recently. These coplymers share a unique chemical

structure, which is based on the alternating arrangement of electron donating and accepting
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moieties along the copolymer backbone. Electronic coupling between the two different
moieties in donor-acceptor materials forms new energy levels, which result in a lower optical
bandgap and consequently an improved absorption at long wavelengths. But this benefit alone
cannot explain the exceptionally high efficiencies that are obtained with their usage. It clearly
indicates that the understanding of the optical and electronic properties of these novel donor-
acceptor materials is still very limited, and theoretical descriptions of common homopolymers
fail in some parts when applied to these systems. Because of the high interest in revealing the
basic processes governing charge carrier generation, in terms of physical knowledge and
technical application, a thorough investigation with various experimental and theoretical
methods has been employed. As first, the presented work will give a brief summary of the
basic theoretical description of z-conjugated materials and an overview of the state of the art
in organic photovoltaics. After giving detailed information about the experimental and
theoretical methods, the following chapters will focus on spectroscopic signatures of excited
states in organic materials, what is the basis for the further presented investigations. The main
insights in the physical phenomena regarding donor-acceptor materials is presented in chapter
six, where an enhanced formation of polaron pairs in donor-acceptor copolymers is attributed
to the unique properties of their chemical structure. A detailed study about the role of excess
excitation energy will complete this study and will allow to draw conclusion about the
physical origin of polaron pair formation and to guide the way towards possible paths for its
optimization. the reader is referred to the eighth chapter for the conclusions of this work and

an outlook towards remaining open questions to be addressed in the future.
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2. Theoretical description of m-conjugated

materials

This chapter presents an introduction to the mathematical description of z-conjugated
materials. It discusses the electronic structure of these materials and present different methods
of their quantum mechanical description. Special emphasize lies on the detailed discussion of
their optical properties and and the nature of photoexcitations in amorphous organic films. A
thorough description of excitons, polarons and polaron pairs will familiarize the reader with
these different kinds of photoexcitations and shed light on their dissociation and the formation

of free charge carriers.

2.1. Electronic structure of m-conjugated materials

Organic semiconductor materials, as they are studied in this work, owe their electronic
properties mainly to the molecular structure, than to bulk material properties, as it is in the
case of inorganic semiconductors, such as silicon or germanium. Due to the large number of
possible molecular bonds that carbon atoms can share, there exists a large variety of organic
carbon-based materials with different electronic properties. This variety originates in the
ability of carbon and several other chemical elements to form hybrid orbitals, allowing the
formation of different molecular bonding types. In the ground state configuration of a carbon
atom, the electrons occupy the shells in the configuration 1s® 2s* 2p?. When interacting with
the electron orbitals of another atom, new favored energetic states are formed, these are
known as hybrid electron orbitals [20,21]. Given by the number of required covalent bonds,
different grades of hybridization exist, which are well distinct in their geometric shape and the
electronic properties of the resulting molecule. Since only the outer shell electrons are
interacting in molecular bonds, only the 2s* and the 2p® electrons are available for hybrid
orbitals. In the case of sp, sp? and sp* hybridization, two, three and four hybrid orbitals at a
lower energetic position are formed, respectively, while the remaining non-hybridized outer

4
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shell electrons are present in regular 2p orbitals. These three cases lead to very distinct
molecular geometries. A schematic overview of the formed occupied hybrid orbitals and their
resulting orbital geometries can be found in Figure 2.1.

CY Y I 1 1 G Y I R

sp 2p sp? 2p sp?

-N

V' »
Y Y %

y y

Figure 2.1: Schematic overview of occupation and geometry of hybrid carbon orbitals. a) sp-
hybridization results in a linear arrangement of two hybrid orbitals and two remaining
occupied 2p orbitals. b) Three orbitals are formed at sp? hybridization. They show trigonal
alignment with an angle of 120° between them. The remaining 2p orbital is arranged
perpendicular to the hybrid orbital plane. c) sp® hybridization leads to a tetragonal orbital
shape with no remaining 2p orbital. Visualizations taken from reference [22].

The bonding of other atoms to carbon hybrid orbitals happens exclusively o-bonds. Due to the
electron wave function, which is centered along the connection axis between the nuclei of the
contributing atoms, the overlap of the involved orbitals is very pronounced. This leads to an
energetically favorable state. Therefore, the lowest electronic transitions between binding o-
and anti-binding o*-orbitals in those systems require a large amount of excitation energy,
which is on the order of 3 eV. Electronic transitions in molecules based on sp® hybridized
carbon thus require ultraviolet photons and do not typically provide interesting optoelectronic
behavior upon irradiation with visible light. A well known representative of this class is
ethane. As shown in Figure 2.3 c), both carbon atoms of ethane show a tetrahedral geometry,
which is given by the typical alignment of the four equivalent sp* hybrid orbitals.

Carbon shows another different molecular geometry when sp? hybridized. This leads to a
trigonal geometry, with a coplanar alignment of all three hybrid orbitals at an angle of 120°
between them. Again, other atoms can form a o-bonding with each of these orbitals. In this
configuration, one remaining occupied 2p orbital is present, which is perpendicular to the
plane of the hybrid orbitals. It allows other atoms with an occupied p-orbital to form an
additional z-bond, whose electron wave function is off-centered along the connection line of
the two nuclei. The reduced wave function overlap of the two p-orbitals results in a weaker
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bond than is usually known for o-bonds. These double bonds, consisting of a o- and a z-bond
hence show electronic transitions between binding 7 and anti-binding z*-orbitals (= — z*) at
moderate energies, which are accessible already at about 1.5 eV [23,24] (compare Figure 2.2).

o c*-orbital
- = n*-orbital

;Optical excitation

% n-orbital
—& o-orbital

Figure 2.2: Schematic energy diagram of molecular orbitals. In ground state, the binding o-

Energy

and m-orbitals are occupied while all anti-binding orbitals (marked with an asterisk) remain
unoccupied. Electronic transitions between w and n*orbitals are already accessible by optical

excitation with photon energies as low as ca. 1.5 eV

An example for this system is the planar molecule ethylene, consisting of two planar CH,

complexes connected by a C=C double bond, as shown in Figure 2.3 b).

a) b) c)
H H H H
\ / H
H—C=C—H c=c. \/E;—c/\
- - H yH

paadil o ¢

Figure 2.3: Chemical structure and 3D models of a) acetylene, b) ethylene and c) ethane.
There are obvious differences in the geometric alignment of the hybrid orbitals, which is
linear for sp-hybridized carbon in acetylene, trigonal for sp2 in ethylene and tetragonal for

sp3 in ethane. 3D models taken from reference [25].

Also, triple-bonds can form in the case of a carbon atom, when it is present in sp-
hybridization. In this case, the two remaining p-orbitals are again perpendicular to the axis of
the o-bond and also perpendicular to each other. This geometry allows the formation of two 7-
orbitals resulting in a triple-bond together with the o-bond of the hybrid orbital. Acetylene, a
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molecule of this class, demonstrates a triple-bond between two sp-hybridized carbon atoms,
as depicted in Figure 2.3 a).

All molecules, which have been discussed so far in this section, exhibit localized electronic
bonds. More precisely, all o- and z-orbitals are associated with the two atoms forming the
bond. But there also exist other types of molecules where the z-bonds are not fully localized
and the molecule exhibits more than one possible resonance structure. A very prominent

representative showing this phenomenon is the benzene ring, as shown in Figure 2.4.

Figure 2.4: 3D model of the benzene ring with a delocalized n-electron system (left) and two
theoretically possible arrangements of single- and double-bonds (middle and right). The o-
bonds between sp®-hybridized carbon and hydrogen atoms give the hexagonal shape to the
benzene ring. The dashed line inside the hexagon (left) indicates the the conjugated m-electron
system which is delocalized over the whole ring structure. The alternation of single and

double bonds of the two resonant configuration, as shown in the middle and right sketch.

The ring structure of this molecule is determined by the o —bonds of the trigonal sp? hybrid
orbitals. In addition, each of the six sp’hybridized carbon atoms contained in the ring
provides one 2p electron, being available for the formation of a z-bond. In total, three z-bonds
are formed along the structure of the ring with two different options for their positioning. If
there were only localized bonds, one would expect an alternation of double- and single-bonds
between the carbon atoms. Nevertheless, as observed in nature, all present z-orbital electron
wave functions delocalize over the whole ring and form a so called delocalized conjugated -
electron system, as shown in Figure 2.4, with bond lengths differing from the ones of single-
and double-bonds in localized systems.

In analogy to 1D metals, the semiconducting properties in m-conjugated molecules can be
understood in terms of the Peierls instability. According to this, a stoichiometric ratio of 1
between single-and double-bonds in the structure, would provide a half-filled energy band
with metallic character to the system. In such a one-dimensional system with incompletely
filled bands, the different single- and double bond lengths cause a characteristic lattice
distortion and double the elementary cell of the quasi lattice [24]. Therefore, an energy gap Eg

between bonding z- and anti-bonding z*-orbitals occurs, giving semiconducting electronic

7
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properties to the conjugated z-electron system. In analogy to inorganic semiconductors, the
lower energy band is filled with electrons while the higher energy band remains empty in the
ground state. These orbitals, located directly below and above the gap are thus named highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The
existence of this energy gap can be revealed by theoretical models, as for example by the
theory of Su-Schrieffer-Heeger (SSH-model) [26,27]. Due to the favorable energetic position
of the conjugated =z-system, the benzene ring, among many other organic conjugated
materials, exhibits not only high mechanical robustness but also interesting optoelectronic
properties. By controlling the degree of delocalization of the conjugated z-system in more
extended systems, this observed energy gap can be tuned on a large scale. Energies for z- z*
transitions down to about 1 eV have been realized, allowing the customization of materials
with special optoelectronic properties in terms of light absorption and emission.

Over the past few decades, the possibility of tailoring m-conjugated organic materials to
achieve desired optoelectronic properties led to a large number of synthetic organic materials
with applications in organic transistors [28], light sensors, light emitting diodes (OLEDs)
[7,24,29] and solar cells [30]. The promising idea behind all of these techniques is, to
combine the desirable material parameters of plastics, i.e. robustness, mechanical flexibility,
light weight and cheap large scale production by roll-to-roll printing, with suitable properties
for the above mentioned technical use. A widely-used representative for polymers used in
organic photovoltaics is the molecule poly(3-hexylthiophene) (P3HT), as shown in Figure 2.5.

CeHis CeH1s

CeHis CeHiz

Figure 2.5: Chemical structure of regio-regular P3HT. Due to the regular alignment of its
side-chains, the polymer forms lamellar-like structures in thin films. The resulting inter-
molecular interaction plays a beneficial role for light absorption as well as exciton- and

charge-transport properties

In this and many similar materials, the conjugated z-electron system is delocalized over many
thiophene rings. The region of which one continuous z-electron system extends is called
chromophore, which can spread out over several tens of thiophene rings. A regular alignment
of side-chains in regio-regular P3HT leads to the favorable formation of lamellar-like

structures in thin films of pristine P3HT. This enhances inter-molecular interaction and the
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delocalization of the n-electron system over several neighboring chains. This two dimensional
delocalization further reduces the ground state energy of the system and plays a crucial role
for the onset of light absorption as well as exciton- and charge transport properties [13,31].

2.2. Quantum mechanical description of -conjugated

materials

For a mathematical description of an electronic system and its observables, as for example its
electronic structure, energy levels or dynamics, a quantum mechanical approach has to be
chosen. All electrons in such a system are described by wave functions ¥. For a known wave
function ¥ it would be possible to calculate the expectation value of any physical observable
of the system. However, since it is not possible to precisely determine ¥ and other initial
conditions of complex structures, like m-conjugated systems and not even simpler many-
electron systems [23], several approximations have to be made to calculate wave functions
and to get quantitative estimates of physical observables.

One very important method is the Born-Oppenheimer approximation. This approximation
relies on the fact, that the mass of the nuclei in the systems is much larger than the mass of
electrons and thus the movement of nuclei is taking place on a much longer timescale than the
fast movements of electrons. For this reason, regarding the heavy nuclei as immobile at the
timescale of electronic movements and separating their respective movements is a good
approximation.

The many-body time-independent Schrddinger-equation for a stationary electronic state,

described by the wave function ¥ is given by:

Aw@r) = —Zh—zz v? —22—62 + EEL W) =E¥e) (1)
me & alrj =R - 24|rj -1

Here, H represents the Hamilton operator, Z the atomic number, e and m, charge and mass of
an electron, h the Planck constant and E the energy. The variables r; and R denote the
coordinates of the electrons and nuclei, respectively. Hereby, bold letters depict vectors. The
first term of equation (2.1) describes the kinetic energy of all electrons in the system and the
second term is the electrostatic Coulomb interaction between electrons and nuclei. The third
term the electrostatic interaction between the electrons.

In general, an exact solution of the Schrddinger equation, even if describing only two
electrons, is not solvable in an exact manner [23]. Hence, suitable approximations are needed

9
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to reduce the problem to a solvable system, while still providing a physically meaningful
picture of the system.

One approximation method is the self-consistent Hartree-Fock method. It is based on the idea
of describing the wave function of all N electrons as a product of the N single-electron wave
functions, the so called Slater determinant [23]. Here, the electron-electron interaction is
simplified, by each electron interacting with an effective potential due to the other remaining
electrons. The variation principle thus leads to set of N coupled equations. An iterative, self-
consistent calculation allows finding solutions for these N equations and finally provides the
molecular orbitals and energies of the system. Nevertheless, the computational effort for these
iterative steps limits the number of active electrons in the system, being in many cases not
sufficient for a description of extended z-conjugated systems as investigated in this work.
Systems of this complexity require large computational effort exceeding justifiable
computation time.

A drastic approximation, further simplifying the system, is the so-called Huickel model. In
addition to fixed nuclei positions, the Hiickel model further neglects any electron-electron
interaction [32]. An extension of the Hiickel model, including electron-phonon interactions
and by this nuclear motion, is the Su-Schrieffer-Heeger model, which was developed
especially for describing polymers [26,27]. Strong coupling between electrons and phonons
causes an energy gap between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO).

A more promising approach to calculate the quantity of physical observables with less
required computing effort is the Density Functional Theory (DFT). Almost 50 years ago,
Hohenberg and Kohn discovered that knowing the ground-state distribution of the electron
density p(r), as described in equation (2.2), is sufficient to fully describe a stationary

electronic system [33-35].

N
o) = ) ||’ (22
j=1

In principle, all other observables can be obtained from this quantity. It is a very convenient
variable, because the density is a physical observable with an intuitive interpretation, which
depends only on three spatial coordinates (instead of 3N coordinates like the many-body wave
functions of N electrons) [35]. It has been shown that by using a variational principle in terms
of density the exact ground-state energy of the system can be attained at the exact density.
Furthermore, Kohn and Sham proposed an auxiliary non-interacting system to evaluate the

density of an interacting system [33,35]. Within this so-called Kohn-Sham system, the
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electrons are described by time-independent one-particle Schrodinger equations with an

effective external potential Vs, based on a functional of the electron density.
2

- h
HygsW;(r) = {— o
e

V2 + Vislp] (r)} ¥;(r)=E;¥;(r) (2.3)
The Kohn-Sham potential Vs consists in three terms,

VKS[p] (1‘) = VExt(r) + VHartree[p] (r) + VXC[p] (T) (24)
which are the external potential Vg, i.e. the Coulomb interaction between the electrons and

the nuclei, the classical Hartree part, considering the electron-electron interaction

Viartreelp1(r) = Irp Erzq d’r’ (2.5)

and a so far unknown exchange-correlation potential Vxc. The latter potential contains all
complex many-body effects and also corrections for the classical treatment of the electron-
electron interaction in Vygreree- A Simple approximation for this functional, based on the
exchange energy of a homogeneous electron gas [36], turned out to give quite accurate results
for many applications and is still widely used. The use of the electron density instead of
many-particle wave functions and the Kohn-Sham system are the basis of the DFT [37]. This
approach allows to reduce the many-body problem as multiple single-body problems with a
system of independent solutions of one Schrddinger equation.

An extension to DFT, including the interaction of electromagnetic fields with matter, is the
time-dependent DFT (TDDFT) [38-40]. Its central theorem proves a one-to-one
correspondence between a time-dependent external potential and the electron density for
many-body problems for a fixed initial state [40]. This allows to obtain the external potential
just by knowing the electron density of the system. With this, now time-dependent external
potential, the time-dependent Schrodinger equation can be solved,

) .
ihg‘}’j(r, t) = Hgs(r, t)¥(r,t) (2.6)

revealing all properties of the system.

During the last decades, TDDFT has become an important tool to calculate electron
distributions of ground and excited states of complex organic systems and to give estimations
of their energetic levels [41-43].

Figure 2.6 shows a visualization of the electron wave function for the frontier orbitals on a
chain of poly(2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b;3,4-b"]dithiophene)-4,7-
benzo[2,1,3]thiadiazole)) (PCPDT-BT), calculated with a TDDFT technique.
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Figure 2.6: a) Chemical structure and graphic illustration of the investigated molecule chain
of the copolymer PCPDTBT. The electron wave function distribution of the LUMO is given in
panel b) and the HOMO in panel c). Both are calculated with a TDDFT.

Theoretical investigations of this kind are a useful tool to understand physical and
optoelectronic properties, like light absorption, and also the temporal evolution of
photoexcited states. Not only geometric information of electron wave functions are accessible,
but also quantitative parameters like the oscillator strength [44,45]. This information is of
utmost importance for the interpretation of experimental spectroscopic results on materials for

organic photovoltaics, such as PCPDT-BT.

2.3. Optical properties of m-conjugated materials

The presence of several occupied and unoccupied molecular orbitals in z-conjugated materials
allows transitions of electrons between levels of different energy. As explained in section 2.1,
the lowest accessible electronic transitions are between binding z- and anti-binding z*-
orbitals. In the materials, studied in this work, the required excitation energies are on the order
of 1.5 eV, which corresponds to the energy of photons in the visible spectral range. In the
following, these orbitals are regarded as HOMO and LUMO, respectively, although in the
latter case the property of zero-occupation might be lost when photoexcited.

For the sake of ease, we will describe the physics of light absorption and emission in an
excitonic picture, which means we regard a bound electron-hole pair as a quasi particle, called
exciton, with different possible energy levels S,. Figure 2.7 gives an overview of absorption
and emission of a photon due to electronic transitions between two orbitals. In each state, the
energy of the exciton is given by the potential of the nuclear displacement coordinate R and

can persist in one of several vibronic sub-levels, denoted as v.

12



Theoretical description of n-conjugated materials

a) S1
} Absorption
v=3
Absorption v 1
v=0
v=0
SO\ v=1
\ . = z ‘ =3 v=3
| | Y Emission
P Intensity
‘(5 Ll
c
i}

R

Figure 2.7: Scheme of the electronic energy landscape for two different levels of excitation,
i.e. the excitonic ground state Sp and the first excited state S;. R denotes the nuclear
displacement coordinate and v numbers different vibronic sublevels. Optical transitions, i.e.
a) absorption and b) emission of a photon correspond to vertical transitions (Born-
Oppenheimer approximation). Panel c) shows the symmetry of absorption and emission as

well as the vibronic progression due to the Franck-Condon principle.

Because of the energetic spacing between these sub-levels of about 100 meV, only the lowest
of them is occupied at room temperature. As can be seen in Figure 2.7, optical transitions
correspond to vertical transitions in those diagrams, since electronic movement is taking place
on a much faster timescale than nuclear movement due to the large difference in their mass,
I.e. me << m,. This simplification of separating the movements of electrons and nuclei is
known as Born-Oppenheimer approximation [46]. Nevertheless, a rearrangement of the
electron wave functions inevitably requires new positioning of the nuclei to reach again the
energetic minimum [24]. This nuclear displacement causes a horizontal shift of the potential
curve of Sp and S;, allowing several transitions from the (only) occupied vibriational ground
state of Sy to several vibronic sub-levels in the excited state S;. The difference between
excited state and ground state equilibrium geometries enables a wave function overlap of
different vibronic sub-levels. This phenomenon is mathematically expressed as Franck-
Condon integrals (FC), which in this case have a non-zero value [47]. From equation (2.7) it
is obvious that the absorption cross section o is directly proportional to the square of the
dipole moment of the initial state So(v=0), denoted as uJ, and the square of the wave function

overlap of initial and final state, termed Franck-Condon integral (FC).
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Due to the orthogonality of these wave functions in the case of identical equilibrium
geometries, these Franck-Condon integrals and thus the absorption cross section ¢, would
vanish and the transitions would be forbidden if no nuclear displacement was present. In this
case, only So(v=0) - S;(v=0) would be allowed. The vibronic progression of absorption and
emission of light thus originates in distinct equilibrium geometries of different excited states,
known as the Franck-Condon principle.

Typically, the emission spectrum is mirror symmetric to the absorption spectrum, as shown in
Figure 2.7 c). The reason for the presence of the same vibronic progression in the emission
spectrum is that photon emission almost only occurs from the lowest vibronic sub-level of the
excited electronic state. The reason is that the relaxation of the exciton from higher-lying to
the lowest vibronic sub-levels is taking place on a much faster time scale than the emission of
a photon. The first happens typically in only few tens of femtoseconds [48]. The characteristic
energy gap between the So(v=0) - S1(v=0) absorption and the S;(v=0) - So(v=0) emission is
caused by the reorganization of the molecule in the excited state. This dissipation of energy
lowers the potential energy curve and thus the energy of the emitted photon [23].

Up to this point, the spin of electrons and excitons has not been taken into account. There
exist two types of excitons with different spins, i.e. singlet states, denoted as S,, and triplet
states, denoted as T,, with a total spin of 0 and 1, respectively. In Figure 2.8, a Jablonski-
diagram shows all relevant transitions in an organic molecule. The excitonic ground state Sy is
a singlet state. For spin conservation rules optical transitions between singlet and triplets are
strongly forbidden, and thus optical excitation of z-conjugated materials as they are
investigated within this work, mainly lead to the formation of singlet excitons. Only after the
formation of singlet excitons, triplet states might be populated inter system crossing between
these states. Nevertheless, in z-conjugated polymers for photovoltaics this is typically a very
inefficient process, taking place on a timescale of several hundred of picoseconds and
nanoseconds [48]. Efficient internal conversion from singlets to triplets and rapid
phosphorescence from the triplet state T; to the singlet ground state Sp can be achieved in
specially designed molecules, based on organo-metallic complexes [24,49].
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Figure 2.8: Jablonski diagram of excitonic energy levels of a typical organic z-conjugated
molecule. Thick and thin black lines represent excitonic energy levels and vibrational sub-
levels, respectively. Vertical arrows denote transitions due to light absorption (blue and
black), fluorescent (red) and phosphorescent (yellow) emission. Internal conversion,
vibrational relaxation and non-radiative deactivation are indicated by dashed green arrows.

Inter-system crossing (ISC) accounts for the conversion of singlets to triplets and vice versa.

These molecules incorporate a heavy (compared to carbon atoms) metal atom in the center,
e.g. Pt or Ir, requiring only the total quantum mechanical angular momentum to be conserved,
but not the individual spins [24,50]. These interesting small molecule materials find their
application mainly in phosphorescent organic light emitting diodes (phOLEDs) [7,50] and
differ significantly in their shape and properties from polymers for photovoltaics. For these
reasons, the triplet population of the materials studied in this work can be neglected in the

further description.
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2.4. Photoexcitations in amorphous organic films:

excitons and polarons

2.4.1. Excitons

As already mentioned in the previous section, the main species of photoexcitations in organic
thin films are so-called excitons [48]. These quasi-particles are not unique for organic
materials since they are also known to be present in inorganic semiconductors, but their
properties are quite different from those in inorganic systems. They describe in general an
electrically neutral pair of electron and hole, bound via Coulomb interaction, and denote
quasi-particles allowing a simplified treatment of the interaction with the surrounding matrix
of molecules or atoms. In inorganic crystalline materials the exciton binding energy is very
moderate and in many cases it is even lower than the thermal energy. For silicon, a binding
energy of only about 15 meV has been measured [51], which is well below the thermal energy
at room temperature, kgT =~ 25 meV. This leads to quasi unbound electrons and holes upon
photoexcitation, with a large excitonic radius of ca. 5 nm. In contrast, excitons in organic
materials exhibit a much higher binding energy on the order of 0.3 to 0.5 eV, leading to very
strongly bound electron-hole pairs, which are localized typically at only one molecule [52,53].
These are described as Frenkel excitons [48]. Figure 2.9 offers a graphical illustration of the

different excitons and their extension in the material system.
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Figure 2.9: Schematic picture of excitons, i.e. a Coulombically bound neutral electron-hole
pair. a) Excitons with a large binding energy and small size, as they are present in organic
materials, are described as Frenkel excitons. b) Systems with high electric screening, e.g.
inorganic materials, favor the formation of Wannier excitons with low binding energy and

large spatial delocalization [48].
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The reason for this pronounced difference in exciton binding energy and extension of organic
and inorganic materials is the different electric screening in these materials. While crystalline
inorganic semiconductors provide high electric screening expressed by large dielectric
constants, i.e. ¢ = 11 for silicon, organic materials suffer from very moderate screening and
dielectric constant on the order of only 3 [6,54,55]. Additional contributions to the binding
energy are electron-electron and electron-lattice interactions [56]. Consequently, thermal
energy at room temperature is by far not sufficient for charge separation. For this reason,
strongly bound Frenkel excitons are the main species of photoexcitations in organic materials.
Excitons need to overcome a large binding energy (ca. 0.5 eV) in order to dissociate into free
charge carriers within their lifetime. Typically, additional electron accepting materials are
used in organic photovoltaic devices to ensure efficient charge separation, as explained in
detail in section 3.2. Without such acceptors, regular homopolymers only show a small
percentage of charge carries, which dissociate mainly at defect sites, impurities [6] or
interfaces of different morphological domains with a disordered energetic potential landscape
[13,57]. Excitons have been in the focus of scientific investigations during the past years
[6,58-64]. Their properties, such as binding energy, mobility, diffusion length and lifetime are
known to strongly influence the use of organic materials for various electronic devices.
Consequently, exciton migration and energy transport properties of organic materials are a
crucial factor for their applicability [65]. An overview of the theoretical models of different

exciton transport mechanism will be given in the next sub-section.

2.4.2. Energy transport and exciton migration

A very important property of z-conjugated polymer films is their ability to conduct energy in
terms of exciton migration [48]. Energy migration in organic solids can be described as a
hopping process from molecule to molecule, unlike a wave-like propagation in crystalline
solids, as it is the case in inorganic semiconductors. Due to their electrical neutrality, their
motion is not affected by electric fields, but it is governed by a diffusive motion through the
system with random directions.

Energy transfer can occur via two nonradiative ways, the Forster- and the Dexter-mechanism.
In the Forster-type incoherent energy transfer process, intra- and inter-molecular energy
transport is possible and usually acts in downbhill direction, to sites with a lower energy [46].
It can end in a trapped state at the low-energy end of the inhomogeneously broadened density
of states, often formed by aggregates or defects. Thermal fluctuations are required to
overcome the energy barrier of these trap states and to reactivate excitonic motion [6]. During
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diffusion, eventual vibrational relaxation of the exciton occurs typically on a timescale of less
than 100 fs [58]. Forster energy transfer is described by a Coulomb dipole-dipole interaction
between a donor molecule (D) and an acceptor molecule (A) [66]. The transfer rate Krsrster,

describing the efficiency of energy transfer is expressed by

3 R
Krsrster = 2 zkrad (T'D(il) (28)
6 _ fD(a))oA(a)) 29
Ro 47m4 w* 29
2y ooy — .Tpa .Tpa
= MD MA 3 (MD rDA) (MA TDA> (210)

where Ry dentotes the Forster radius and x an orientation factor between the donor (up) and
acceptor (u4) dipole moments, given by equations (2.8)(, (2.9), and (2.10). Bold letters
indicate variables being vectors.

Here, rpa expresses the distance vector between the donor and acceptor molecule and kp is
the radiative decay rate of the donor. The Forster radius Ry is the critical transfer distance at
which the energy transfer rate is equal to the recombination of the isolated donor molecule
[47], and consequently the transfer rate drops to 50%. This transfer rate depends on several
constants, including the vacuum light velocity ¢ and the material’s refractive index n. A
further crucial parameter is the spectral overlap of the normalized donor emission fp(w) and
the absorption of the acceptor oa(w). In the case of sufficient spectral overlap between the two
participants, which is the case for two identical molecules, Forster transfer is an efficient
energy transfer mechanism. Although its efficiency depends strongly on the distance, i.e.
krsrster ~ Tpa” 8, this type of energy transfer shows typically critical distances between 1 — 10
nm in many organic materials [47,50].

A further way of nonradiative short-scale exciton transfer, which is even more affected by the
intermolecular distance, is the above mentioned Dexter mechanism [67]. In 1953, Dexter
extended the Forster analysis to a higher multipole-multipole analysis and included electron
exchange interactions. At close donor-acceptor distances, before the full quantum mechanical
regime begins, quadrupole and even higher terms become relevant for an accurate description
[68]. Those multipole interactions decrease rapidly, following higher inverse power of the
intermolecular distance and are thus of a shorter range than dipole-dipole interactions. Yet,
whenever a dipole-forbidden transition is involved, these contributions may play a significant
role. When the donor-acceptor transitions are spin-forbidden, the electron-exchange
interaction, described by Dexter, becomes dominant. The
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transfer rate Kpexter Still depends on the spectral overlap J, but is independent of the optical

transition moments [47].

ZTDA

kpexter = BJe L (2.11)

The exponential decrease with intermolecular distance originates in the required wave
function overlap, which is accounted for the typical penetration depth L of the wave function
into the environment. The coupling constant B cannot be related to optical properties. These
two mechanisms describe the nonradiative exciton transfer between two molecules. Their
critical dependency on the inter-molecular distances explains the large influence of
morphology and molecular packing on the exciton mobility in organic films. Typical values
for the exciton diffusion length of P3HT are 3 — 9 nm [69,70], with exciton mobilities up to
0.1 cm?Vs [28,31]. For the formation of free charge carriers, excitons still have to to
overcome the Coulomb attraction of electron and hole. This crucial process, which is one of
the first steps in charge carrier formation, shall be discussed in the next section.

2.4.3. Exciton dissociation and polaron pair formation

Not all photogenerated excitons in organic materials share the same fate and undergo
intramolecular (geminate) recombination to the ground state, as it was quantitatively
described first by Onsager [71]. Although this recombination occurs very efficiently and fast,
other exciton deactivation processes exist. One further intramolecular process is the intrinsic
charge-carrier formation. The different excited states and their vibronic sublevels of neutral
singlet excitons exhibit a permanent configuration interaction with the continuum of states of
the ionized molecule. This so called autoionization, with a quantum vyield ¢, «< 1, is in
permanent competition with the much more efficient intramolecular or geminate
recombination [48,72], with a complementary quantum yield of 1 - ¢o. Figure 2.10 gives a
schematic overview on the principle of autoionization. In a first step, absorption of a photon
leads to the formation of a singlet exciton in one of the accessible states, i.e. S, Sy, Sz or at
even higher energetic states. In the second step, the autoionization occurs. With a quantum
yield of ¢o, positively charged molecular ions and hot, non-thermalized electrons with
remaining kinetic energy are formed. The third step consists in the thermalization of hot
electrons, which dissipate the kinetic energy in scattering processes. Due to the Coulomb
attraction of the positive molecule ion and the electron, a charge carrier pair is formed [73],
where both constituents can either share the same molecule (intra-chain polaron pair) or be

separated on adjacent molecules (inter-chain polaron pair) [74].
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Figure 2.10: Scheme of the single steps for intrinsic formation of polarons. After absorption
of a photon, a formed neutral exciton in a high energetic state can undergo autoionization
and form a polaron pair, with a quantum yield ¢o, or undergo geminate recombination.
Further thermal energy is required to dissociate the weakly bound polaron pairs to free

polarons.

These so-called polaron-pairs have a smaller binding energy than a neutral exciton, because of
the reduced Coulomb attraction between positive and negative charge, going along with their
further spatial separation rpp. The definition of a polaron and its physical properties will be
explained in subsection 2.4.4. Knowing the Coulomb attraction, which still leads to bound
charges, a maximum radius for the polaron pair can be estimated, given by the distance r,
where the Coulomb attraction drops to the same level as the thermal energy persisting in the
system. The critical radius r. for thermal polaron-pair dissociation, also called Onsager radius
as it is described in equation (2.12), depends only on one material parameter, i.e. the dielectric
constant ¢.

e’

Te= AmteeokpT

This demonstrates the strong dependence of charge carrier binding energy on the electric

(2.12)

screening and explains the main challenge for charge separation in organic photovoltaic
systems, compared to inorganic ones. Regarding equation (2.12), a dielectric constant of 3
leads to a critical radius of r. of 18.6 nm at a temperature of 300 K. However, the presence of
energetic disorder and polarization effects in solid organic semiconductors can easily provoke
energetic variations of 0.1 — 0.2 eV [75], which, taken into account together with thermal

energy, lead to a more realistic effective Onsager radius of 2.5 -5 nm.
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In the last step of autoionization, the bound polaron pairs are dissociated with a quantum yield
of 1-R by thermally activated dissociation. A competing process for this last step of
autoionization is the recombination of the polaron pair to a neutral exciton and subsequent
decay to the gound state. The required thermal energy, and thus the critical radius r;, can be
lowered by an additional electric field, overlapping the Coulomb potential. A built-in electric
field, as it exists for example between the electrodes of solar cells, can provide such a
reduction and assist charge separation. For electron-hole distances smaller than the Onsager
radius, an electric fields F leads to a certain probability P(F), for electron and hole to escape

their attractive potential, which is given for moderate field strengths by [6,76]:

P(F) = exp (;Prp) (1+ %F) (2.13)

While the probability for this dissociation can be explained by a modified Onsager model
[68,71,77], it cannot give answers on the formation process of the polaron pairs. Other
theoretical studies by Arkhipov [78,79] and Basko [80] come to the conclusion that excess
excitation energy plays an important role for the dissociation of photoexcitations into free
charge carriers. The theory by Arkhipov proposes that hot excitons are able to dissociate
during the process of thermalization while they still have sufficient excess energies to
overcome the Coulomb barrier. This limits the time disposal for dissociation to only few tens
of femtoseconds. Similar time estimates are given by Basko, predicting efficient dissociation
within the time, in which vibrational degrees of freedom (phonons) are stored in the system
after excitation with excess energy. Several experimental observations can be explained with
valid time estimates [13,81-83], while for other experiments the predictions remain
insufficient [73,84-86]. Hence, the process of this formation in the first 100 fs is still not
sufficiently described and understood. For this reason, further theoretical and experimental
research is necessary to discover the basic physical processes governing charge carrier

formation in z-conjugated materials.

2.4.4. Polaron pairs and polarons

Similar to the strongly bound, electrically neutral electron-hole pair described as Frenkel
exciton in the previous sub-section, charge carriers in organic systems are described as quasi
particles, called polarons. The lack or excess of an electric charge on a polymer chain leads to
the formation of a positive hole-polaron or a negative electron-polaron, respectively. In the
case of a short oligomer, they are usually called a radicals. In contrast to free charge carriers

in inorganic solids, polarons in amorphous or microcrystalline organic films describe the
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interaction of the charge with the surrounding molecular matrix. This interaction can be of
electrostatic nature or involve electron-phonon coupling [47,87,88]. Due to the interaction
with induced dipole moments on polymer chains in the vicinity of the charge, a geometric
rearrangement of the molecular backbones leads to the formation of a new equilibrium state at
lower energy. Figure 2.11 provides a simple physical picture of charges interacting with the

surrounding matrix.
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Figure 2.11: Schematic picture of a) a polaron pair, b) a positive hole-polaron and c) a
negative electron-polaron. These quasi-particles describe b) the lack or c) the excess of an
electron, together with the resulting electrostatic or electron-phonon interaction with the
surrounding molecular matrix. Polaron pairs are bound precursor states of free polarons. All

species can be of localized or delocalized nature.

These polarons may preserve a delocalized nature and extend over several polymer chains,
which is observed especially in crystalline organic materials, and behave like a quasi particle
with large effective mass [47]. In amorphous solids they are supposed to completely lose their
wavelike nature and to localize on one polymer chain or on several adjacent chains. In this
case, the resulting geometrical relaxation is regarded to be restricted to the surrounding
molecules. Polarons carry spin % and consequently are doublets with allowed values of +%
for the spin orientation.

In addition, there exists a precursor state of these quasi free charge carriers in amorphous
organic films, which is the species of weakly bound polaron pairs, as they were already
mentioned in the description of exciton dissociation. This weakly bound state describes a
quasi particle, consisting of a negative and a positive polarons, suffering still from weak
Coulomb attraction.

Because of the small dielectric constant, the occurrence of polaron pairs is very typical of
amorphous organic solids. Polaron pairs exist as an intermediate step between full ionization
of the involved molecules and recombination of the polarons to an exciton or the electronic

ground state. The spatial separation of the involved hole- and electron-polaron leads to a
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negligible wave function overlap. For this reason, the physical properties of isolated polarons
remain largely unaffected and the properties of polaron pairs can be regarded as the sum of its
constituents [47]. This has important consequences for the interpretation of spectroscopic
measurements, as it will be discussed in chapter 5.

Geometrical relaxation and the rearrangement of the molecule into a new ground state
configuration lead to the formation of new electronic energy levels, which are distinct from
the neutral molecule. For the same reason, also the optical bandgap, which is given by the z-
7* transition of the neutral molecule, is lowered by the presence of intra-gap states [88]
(compare section 5.2). The difference of distortion energy Egis, Which is necessary for the
rearrangement of the polymer chain, and the energy shift AE of the border orbitals (down-shift
of LUMO and up-shift of HOMO) defines the binding energy between polaron and matrix
[88]:

Epy = AE — E 4 (2.14)

Experimental values for Epy in P3HT and other homopolymers are reported to be 30 — 60
meV [28].

Because of the great importance of electrically conductive organic polymers for various
electronic applications, like optoelectronics, photonics and photovoltaics, the properties of
electric charges in such systems have been widely studied during the past years [28,88-101].
Most of the properties, like binding energy, mobility or lifetime, are strongly affected by
material parameters and cannot be generalized for all z-conjugated material classes.
Therefore, the scope of this work is to extend the knowledge about charge carriers to a new
class of materials, which in most cases up to now has been restricted to homopolymers and
oligomers. This new class of materials is low-bandgap copolymers, which are discussed in the

following chapters.
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3. Background and state of the art of organic

photovoltaics

This chapter provides an overview to the state of the art and the limitations of photovoltaics in
general. It will be followed by a detailed discussion about the working principle of organic
solar cells, and different approaches in their design. Finally, low-bandgap copolymers are
introduced. This novel material class for organic photovoltaics, which is used in most recent
and record-breaking organic solar cells, will be discussed in detail. Their unique chemical
structure, which is based on an alternated arrangement of donor and acceptor segments, will

be presented, together with its beneficial properties in terms of a reduced optical bandgap.

3.1. State of the art and limitations of photovoltaics

The vast majority of solar cells on the market are single junction silicon devices known
collectively as first generation devices [102]. Since their invention more than 50 years ago at
the Bell Labs in New Jersey, they are still based on the use of crystalline silicon for their
active layer with a typical thickness of hundreds of micrometers. More recently, development
has focused on the fabrication of thin-film solar cells with active layer thicknesses of only
about 1 um. Although these second generation devices show lower efficiencies than thick
first-generation devices, their thinner active layer allows a reduction of material and
fabrication costs and also reduces the requirements of charge carrier diffusion length and
material crystallinity [103]. For these reasons, other materials were used, including
amorphous or micro-crystalline silicon, cadmium-telluride (CdTe) or copper-indium-gallium-
diselenide (CIGS). Nevertheless, although the required amount of raw materials is strongly
reduced, the disadvantage of using rare and toxic materials in these systems cannot be
neglected.

Both generations suffer from the disadvantage of a fundamental limit of their efficiency of
about 30% due to thermodynamic reasons [102]. This so-called detailed balance limit of
efficiency of p-n junction solar cells was found in 1961 and is often named after its
discoverers, William Shockley and Hans Queisser [104]. In their analysis, they assume that

the sun and the solar cell are black-body radiators with respective temperatures Ts and Tc. As
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an ultimat efficiency, nuiimate, they assume a perfectly absorbing photovoltaic device, leading
to one generated electric charge for each absorbed photon of the frequency o, carrying an
energy, which exceeds the optical bandgap Eg=hos of the solar cell. The maximum
achievable ultimate efficiency is theoretically reached when each quantum of the Planck
distribution of the solar spectrum with an energy exceeding Eg results in a charge carrier
carrying the elementary charge e and simultaneously an open circuit voltage equal to the
bandgap Voc=Ve=Eg/e are achieved. For a solar temperature of 6000 K, the maximum

efficiency is reached with a bandgap of 1.1 eV, as it is present in silicon [104].
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Figure 3.1: Spectrum of solar irradiance (grey) under AM1.5 conditions, taken from NREL
[105]. The blue dashed line depicts the absorption onset of silicon. The red and blue curves
show the absorptivity of thin films of two commonly used polymers for photovoltaics, i.e. RR-
P3HT (red) and PCPDTBT (green), respectively. Polymers offer large flexibility for tuning
the optical bandgap and the onset of absorption.

Taking into account geometrical considerations regarding the incident sunlight and imperfect
light absorption, as well as radiative and non-radiative loss mechanisms, leads to further
restrictions for the upper limit of solar cells. This so-called nominal efficiency is given by the
product of Voc and the short circuit current Isc, divided by the incident power Pj,, as shown in
equation (3.1).
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Voc'1
— 2 0¢ 7S¢ _ nultimate(TS' Eg) Q- Tl(f, Ts,Te, Eg) (31)

Mhominal =~ p_
Isc originates in the removal of holes and electrons from the p-doped and n-doped region,
respectively. In equation (3.1), ¢ denotes the probability of a photon with sufficient energy
getting absorbed and n(f, T, T¢, E4) considers geometrical issues and loss processes[104].
Further, the actually achieved maximum efficiency for a real solar cell is derived by the
maximum rectangular, fitting below the current voltage curve. It defines the maximum values

for voltage Vi, and current Iy, as shown in Figure 3.2.
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Figure 3.2: Current-voltage (I-V) curve of an organic solar cell under irradiation, based on a
bulk heterojunction of the low-bandgap copolymer PCPDTBT and PCBM (1:2). The
maximum power Py, is given by the product of maximum current I, and voltage Vn. Voc and
Isc denote short-circuit current and open-circuit voltage, respectively. Device fabricated and

measured by D. Riedel.

They define the so-called fill factor (FF), being a measure of the efficiency for the removal of
electrons and holes from the n- and p-doped region, respectively.

Py, _ Vi ' In(Vin) (32)

FF = =
Voc-Isc Voc-Isc

Finally, the actual maximum power conversion efficiency is given by the detailed balance
limit of efficiency »
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— Pout _ Vin * I;m (Vi) _
Pin Pin

(3.3)

Voc:1
= nultimate(TS’Eg) Q- Tl(f,TS,Tc,Eg) . FF(f,TS,Tc,Eg) = FF-%
in

In conclusion, the parameters FF, Isc and Voc appear as crucial parameters determining the
efficiency of solar cells. Assuming a perfect silicon solar cell with Eg = 1.1 eV, Ts = 6000 K
and T¢ = 300K under normally incident solar light, with perfect light absorption and radiative
recombination as the only loss mechanism, yields a maximum efficiency of = 30% [104],
known as Shockely-Queisser-Limit.

Typically, the efficiencies of real solar cells are well below 30%. This deviation from the
ideal case is due to several losses, leading to significant deviations from Voc and Isc and a low
fill factor. The current flow in a realistic solar cell can be expressed by a sum of different
contributions

U — Rgl
+ s

= (3.4)

e(V — Rs)
I:I_gc+10 exp Tﬂ,c -1

where Iy denotes the reverse-bias saturation current and 1 < n < 2 the diode ideality factor. Rs

represents a serial Ohmic resistance originating in bulk, contact and circuit resistance of solar
cell devices. Loss processes besides radiative losses are accounted for in the parallel
resistance Rp.

Figure 3.3 sketches an electric circuit being representative for a solar cell [106]. In the limit of
an infinitely high Rp and vanishing Rs, the case of an ideal solar cell is described. Altogether,
these effects reduce the today achievable efficiency in real single-layer devices to about 20%

in inorganic and 10% in organic solar cell devices.

Figure 3.3: Equivalent circuit of a solar cell, containing a diode, Ohmic resistances Rp and
Rs, voltage and current. The parallel resistance Rp accounts for non-radiative losses in
competition with charge carrier formation, the serial resistance Rs represents bulk-, contact-

and circuit- resistance.
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Newest developments and research, regarded as 3™ generation photovoltaics, aim to
circumvent the limitations of the Shockley-Queisser-Limit, using different approaches.
Among them are multi-junction cells [107], which harvest photons of different energies in
different layers with a reduced loss of photon excess energy, as well as hot carrier cells,
aiming to extract charge carriers maintaining their excess energy [108]. Also multi-exciton
generation is a promising attempt to generate several charge carriers by the absorption of only
one high-energy photon [102,109,110]. One part of this new generation is also organic
photovoltaics [30]. It includes dye-sensitized solar cells [111], hybrid solar cells, which
consists in inorganic nanoparticles dispersed into a semiconducting polymer matrix [112,113]
or in inorganic nanostructured semiconductor templates filled with organic semiconductos
[114], as well as all-organic approaches. The latter, especially polymer solar cells, will be

discussed in more detail in the next section.

3.2. Working principle of organic solar cells

In addition to wet electrochemical solar cells, all-organic solar cells have become a highly
popular research topic during the last decade. All-organic techniques are divided into several
areas [30], i.e. small molecule solar cells deposited from gas phase [115-118] and solution
processed solar cells. The latter ones include (i) all-polymer solar cells [119], (ii) small
moluecule solar cells [120,121] and (iii) polymer/fullerene based solar cells, which are the
most important division. All materials investigated in this work are specially designed
molecules for polymer/fullerene solar cells; therefore the further description of the working
principle will focus on this device class. This class has experienced tremendous progress in
the past few years, and breaks the barrier of 10 % power conversion efficiency in the year
2012, as demonstrated by Heliatek GmbH [122].

Many of the most efficient organic solar cells are based on blends of highly absorbing
polymers, optimized for light absorption and hole conduction, with an electron accepting
material, such as fullerenes or inorganic materials [30,123]. Without loss of generality, we
will further consider only [6,6]-phenyl-Ce;-butyric acid methyl ester (PCBM) [124] as
electron acceptor. It is a commonly used derivative of the Buckminsterfullerene Cgo [125].
These constituents form the active layer for light absorption and charge carrier formation of
the solar cell [4]. The strong binding energy of excitons requires them to reach an interface

with acceptor molecules as a prerequisite for efficient exciton dissociation, as discussed in
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section 2.4 [6]. Limited diffusion lengths thus often require good mixing of the polymer with
electron accepting materials. To ensure a large interfacial area between donor and acceptor
materials, different strategies have been developed, ranging from a simple bilayer structure of
thin donor- and acceptor films in planar heterojunctions [116,126,127], over an inter-
penetrating network of a mixed blend in bulk heterojunctions [128-130], to sophisticated
micro-structured assemblies in interdigitated heterojunctions [131-133]. Figure 3.4 gives an
overview of the layout of common polymer/fullerene solar cells [134] and typical

heterojunctions of donor and acceptor materials in the active layer.
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Figure 3.4: a) Layout of a polymer/fullerene solar cell, consisting in a flexible substrate, a
transparent conducting oxide (TCO) as bottom contact, an electron-blocking layer
(PEDQOT:PSS), the active layer and a metal top-electrode. b) In the active layer, donor and
acceptor materials can be arranged as planar heterojunction (PHJ), bulk hetero junction
(BHJ) or via micro-structuring as interdigitated heterojunction (IHJ).

Each blend layout has several advantages and disadvantages of exciton dissociation and
charge carrier extraction. While BHJs allow in most cases efficient exciton dissociation due to
a large interfacial area, the extraction of holes via polymer channels and electrons via
fullerene channels might be limited due to interrupted pathways towards the electrodes. On
one hand, PHJ might provide perfect conditions for charge carrier extraction but on the other
hand it can provide only limited interfacial area. Thus the dissociation site might be out of
reach for diffusing excitons. An attempt to merge both advantages is the realization of micro-
structured interdigitated systems [133], but their fabrication often turns out to be
sophisticated, time-consuming and expensive.

Once an exciton reaches an interface of donor and acceptor molecules via thermal diffusion,

the formation of a charge transfer (CT) state takes place with an efficiency of almost unity
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[123,135]. This high efficiency can be attributed to a significant driving force for charge
carrier separation, which is realized by pronounced LUMO level offsets between donor and
acceptor [6], as depicted in Figure 3.5. Needless to say, this electron transfer from the donor
to the acceptor LUMO goes with a significant loss of voltage, reducing the reachable open
circuit voltage Voc of the solar cell [136-139]. Although theoretical studies predict already
efficient charge transfer for a LUMO offset of only 0.1 eV, many systems are based on much
higher offsets, leading to a significant reduction of the maximum achievable power due to a
linear relationship between Voc and the LUMO offset [137].
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Figure 3.5: Scheme of relevant energy levels for charge separation at a donor-acceptor
interface. Energy values and chemical structures are given for P3HT and PCBM as donor
and acceptor material, respectively. A large LUMO offset ensures efficient charge transfer

but limits also the theoretically achievable Voc max-

Extraction of the separated and electrically charged carriers is driven by the built-in voltage,
originating in different work functions of the used electrode materials [140] and the chemical
potential gradient within the cell [141]. A typical choice of electrode materials for these
purposes is a conducting transparent oxide, for instance indium tin oxide (ITO), as a
transparent bottom electrode, allowing light to penetrate into the cell, and a reflective top
aluminum electrode [4]. The obtained built in voltage is typically in the order of 0.3 - 0.5V
for commonly chosen materials, and results in very substantial electric field strength through
the device, because of its thickness of typically only few hundreds of nanometers. An
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additional layer of poly-ethylene-dioxythiophene:polystyrenesulfonic acid (PEDOT:PSS)
increases the work function of the positive electrode and acts as an electron blocking layer.
Such multilayer structures can be fabricated with a thickness of less than 1 um, excluding the
substrate and the encapsulation. These are required to prevent penetration of oxygen and
moisture. The ability to wet-process the organic materials allows roll-to-roll printing and a
promises a high potential for large scale production [4]. In order to be feasible for large scale
production and an extended commercial use, the obtained solar cell efficiency has to be
further increased. A very important step in this direction has been made by using novel

materials, i.e. low-bandgap copolymers. These materials are in the focus of the next section.

3.3. Novel materials for organic solar cells: Low-

bandgap copolymers

The reachable efficiency of conjugated polymer solar cells critically depends on the material
choice for the active layer. Due to the weak absorption of the commonly used PCBM as an
electron acceptor material, the light harvesting properties are mainly given by the used
polymer. As explained in section 3.1, the optical bandgap of the polymer, and consequently of
the resulting solar cell, crucially influences the coverage of the solar spectrum and the
achievable power conversion efficiency. When using wide-spread homopolymers like poly(2-
methoxyl-5-(3,7-dimethyloctyloxy)-para-phenylene-vinylene) (MDMO-PPV) or P3HT as
electron-rich light absorbers in combination with PCBM, the attainable power conversion
efficiency is limited to about 2.5% [142,143] and 5% [144-146], respectively. This can be
partially explained by the absorption, covering the solar spectrum in an insufficient way, as
shown in Figure 3.1.

To overcome this limitation, a novel class of materials has been developed in the past years
with the aim to flexibly control optoelectronic parameters, like HOMO- and LUMO-energy
levels and the optical bandgap. The synthesis of copolymers, consisting of an alternating
assembly of electron-rich and electron-deficient moieties along the molecule backbone,
allowed the control of these parameters [30]. Figure 3.6 a) shows a sketch of the alignment of
electron-donating and electron-accepting segments along the molecular backbone, given the

name donor-acceptor copolymers or push-pull materials.
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a) b) C) EtHex EtHex
D—A g A Bandgap I NI Y
n =5 S S AL
N\ /N
S

Figure 3.6: a) Scheme of the alternating alignment of donor- (D) and acceptor-moieties (A)
along the molecular backbone forming a copolymer. b) Schematic visualization of the energy
levels of isolated donor and acceptor segments, forming new energy levels with a reduced
optical bandgap due to electronic coupling. ¢) Chemical structure of the low-bandgap

copolymer PCPDTBT with marked donor- (blue) and acceptor (yellow) regions.

Due to the electronic coupling between these two moieties, as depicted in Figure 3.6 b), new
energy levels form, with a reduced optical bandgap. As an example, in Figure 3.6 c) the
chemical structure of of PCPDTBT is shown, with an electron donating dithiophene and an
electron accepting benzothiadiazole highlighted in blue and yellow, respectively. Figure 3.1
clearly illustrates the lower optical bandgap of PCPDTBT compared to P3HT, with its
characteristic double-peaked absorption, called “camel-back” spectrum [147]. For sake of
clarity, it should be mentioned that this donor-acceptor copolymer approach has neither the
intention nor the capability to substitute the addition of acceptor materials like PCBM in a
photovoltaic blend. The focus of this approach lies in the reduction of the optical bandgap.
For efficient charge separation, a heterojunction with electron-accepting materials is still
needed. A large variety of such low-bandgap materials has been synthesized and used in
devices, based on many different kinds of donor moieties, like polyfluorene, polycarbazole, or
cyclopentadithiophene, and acceptor moieties, such as benzothiadiazol or
diehexylthienopyrazine [19,123,148-154]. The possibility of shifting the HOMO and LUMO
energy levels separately from each other by a suitable choice of donor and acceptor moieties
allows not only adjustment of the absorption onset, but also an optimization of the energy
level offset between copolymer and fullerene. To some extent, this gives the option to
increase Voc by matching the LUMO of the copolymer and the used acceptor material [30].
The high power conversion efficiencies achieved with low-bandgap copolymers, compared to
cells based on homopolymers, leaves no doubt that the enhanced infrared is benefitial for
photovoltaic application. So far, power conversion efficiencies of more than 10% have been
obtained, exceeding by far those of cells with homopolymers [122,123]. Also with
photovoltaic devices based on short donor-acceptor oligomers, a power conversion efficiency

as high as 6.7% has been demonstrated recently [155].

32



Background and state of the art of organic photovoltaics

Beside their reduced optical bandgap and the high efficiencies of solar cells using these novel
materials, only little is currently known about the optoelectronic properties of these materials.
Since the validity of the theories describing homopolymers are not expected to fit for the
decription of these copolymers, a detailed study of photoexcitations in these systems is
presented in the following part of this work, with a special focus on the formation of weakly

bound polaron pairs, i.e. the precursor state of free charge carriers.
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4. Experimental and theoretical methods

In this chapter a detailed description of the main experimental and theoretical techniques will
be given, which have been used to conduct the physical investigations presented in this work.
Insights into the basic working principles, the experimental realization as well as the technical
capabilities and limitations are presented. The described techniques include the fabrication of
thin film samples of organic materials, steady state spectroscopy on electrically charged
molecules and different techniques for ultrafast femtosecond spectroscopy. Last but not least,

a brief summary of used theoretical methods will complete the chapter.

4.1. Fabrication of thin organic polymer films

For investigating the optical and physical properties of organic molecules, thorough
preparation of suitable sample devices is of utmost importance. Especially ultrafast pump-
probe spectroscopy measurements require the availability of thin polymer films with
controlled properties, attached to a non-disturbing substrate. To ensure good transparency of
the substrate in a wide spectral range, which is required from the blue at 400 nm down to the
MIR at 5 pm wavelength, substrates made out of CaF, with a thickness of 1 mm were chosen.
This material provides sufficient broad transparency starting at ca. 190 nm and exceeding 7.7
pm.

To allow the preparation of polymer films with a thickness on the order of only 100 nm with
good optical quality and to prevent their contamination with any kind of impurity, all used
substrates underwent a careful cleaning procedure. This procedure consists of an iterative
cleaning of the substrates with isopropanol and acetone in an ultrasonic bath for ten minutes
with two repetitions, each. Finally, drying them under a nitrogen stream assured to obtain
cleaned substrates without any impurity.

Preparation of thin polymer films on a clean substrate was achieved by spin coating. Figure
4.1 shows a sketch of the working principle of the spin coating technique. For spin coating, a
chosen cleaned substrate is mounted on a rotary table, where it is fixed by low pressure from a

vacuum pump
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Figure 4.1: Working principle of the spin coating technique. A cleaned substrate is fixed with
low pressure to a rotary table. The desired amount of polymer solution is dropped from a
pipette onto the substrate which is then rotated around the axis perpendicular to its surface,
spreading the solution in a homogeneous fashion. Rotating the substrate during the whole

drying process of the solvent leaves behind a homogeneous thin film of the desired polymer.

Directly after placing a drop of the polymer solution at the center of the substrate on the rotary
table, it is mechanically rotated around the axis perpendicular to the sample’s surface. This
rotation causes a homogeneous spread of the polymer solution on the whole substrate surface.
Rotation for three minutes turned out to be sufficient for the evaporation of the whole solvent,
leaving behind a thin and homogeneous film. The desired polymer was solved in a suitable
ultrapure solvent, for which typically toluene was chosen. Hereby the polymer concentration
in solution plays a key role for the resulting film thickness. Typically the thickness has been
adjusted to values between 5 mg/mL and 20 mg/mL, which are limited at the upper end by the
solubility of the polymer. Heating to 75° C and stirring the solutions for several hours ensured
that the polymer was well dilute in the solvent. Not only the concentration, but also the
rotation speed has a critical influence on the homogeneity of the resulting film and its
thickness. With values between 1000 and 2000 rounds per minute (rpm), together with the
above mentioned concentrations, film thicknesses between 50 to 200 nm were obtained.
Variation of both parameters allowed adjusting the thickness and hence the optical density of
the polymer films to the respective spectroscopic needs. The latter typically was been kept
between 0.1 and 0.6 for the majority of the studied samples by pump probe spectroscopy,
which was achieved with concentrations between 5 mg/mL and 10 mg/mL and a rotation

speed of 1800 rpm for the studied donor-acceptor copolymers.
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4.2. Femtosecond pump-probe spectroscopy

In the past decades a very powerful technique has been elaborated, which allows studying
molecular electronic processes and molecular reactions at their specific timescale. The
experimental approach towards measurements on a timescale as short as 10™*°-10™ seconds,
i.e. femtoseconds, thus was called femtochemistry, and its discovery was rewarded with the
Nobel Prize in the year 1999 to Ahmed Zewail [156]. Since then further development of
femtosecond spectroscopy did not stop but has undergone an impressive evolution towards a
shorter time resolution and a broader spectral coverage, ranging from the ultra-violet down to
the THz frequency range. Today, cutting edge technology uses femtosecond laser systems and
nonlinear optical techniques, such as optical parametric amplifiers (OPAs) [157], allows
measuring molecular temporal dynamics with a resolution as short as 20 fs [158]. The basic

idea of femtosecond pump probe spectroscopy is depicted in Figure 4.2.
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Figure 4.2: Working principle of femtosecond pump-probe measurements. The transmission T
of a low-intense spectral broad- or narrowband probe pulse through a thin film sample of the
desired material is measured. Upon photoexcitation of the same sample spot with a pump
pulse at a desired excitation wavelength before every second probe pulse, this transmission is
altered due the presence of photoexcitations. The relative change in transmission AT/T is

measured for various pump-probe time delay steps on femto- and picoseconds timescale.

It is based on detecting the transmission T of low-intense probe pulses (typically with
repetition rates from kHz to MHz) through a thin film sample of the desired material on a
transparent substrate. Details about the preparation of suitable films can be found in section
4.1. For this purpose, the probe pulse can consist in a broad spectrum or in a narrow band
spectrum, at a suitable wavelength range to cover the spectroscopic signatures of interest. By
focusing an additional high-intense pump pulse of the desired excitation wavelength to the
same position on the sample, where the probe pulse is transmitted, a certain fraction of
molecules is photoexcited and leads to a change in the transmittance A7(7) at the respective

spectral positions of the probe pulse. By mechanically changing the optical path length of one
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of the pulses and consequently the delay between pump and probe, the temporal evolution of
the relative change in transmission A7/T can be measured on a femto- and picosecond
timescale. Depending on the material and the energetic position of the spectral features of
interest, different setups have to be chosen for obtaining the best results. In the following sub
sections, two different setups will be explained. The first one has been used for time-resolved
measurements of polaron absorption in the MIR while the second one allows spectral
broadband measurements in the visible and NIR, tracking ground state bleaching, stimulated
emission and the onset of polaron absorption at the same time. For a detailed discussion of the
measured spectral features of photoexcitations in conjugated materials the reader is referred to

chapter 5.
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4.2.1. Ultrafast spectroscopy in the near- and mid-infrared
spectral region

For femtosecond pump-probe measurements in the NIR and MIR a home-built setup has been

used [44]. The system layout with the main components is depicted in Figure 4.3.
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Figure 4.3: Schematic layout of the used home-built infrared pump-probe setup. A
Ti:sapphire amplifier provides pulses at 800 nm for excitation of the sample and frequency
conversion to the IR in an OPA to probe wavelengths from 0.95 to 5 um. The transmitted
probe intensity is detected by InGaAs or MCT diodes and amplified by lock-in amplifiers.

This setup allows sensitive measurements with a AT /T detection limit of 3-10™.

The setup is based on a Ti:sapphire regenerative amplifier (RegA 9060, COHERENT),
emitting 60 fs light pulses (FWHM) with a pulse energy of 6 pJ at a central wavelength of
800 nm and a repetition rate of 90 kHz. About 10% of the pulse energy is split off with a
beam-splitter and further used as excitation pulse for the pump-probe experiment. Eventual
focusing to a nonlinear optical B-barium-borate (BBO) crystal and subsequent recollimation
allows frequency doubling [159] for experiments with 400 nm excitation wavelength.

Mechanical chopping of this pump beam reduces the repetition rate to 6 kHz (15 pulses on, 15
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pulses off). The further path guides the pump beam over a mechanical translation stage, which
is capable of inserting a delay between the pump and the probe pulse up to a duration of 1 ns.
The last mirror, before the pump pulse reaches the thin film sample, has a spherical curvature
with a radius of 600 mm in order to focus the pump beam to the sample. Typically obtained
focal spot diameters are on the order of 200 um and are measured on a daily basis with a CCD
beam profiler (WinCamD, LASER2000). Further folding of the beam path before reaching
the focusing mirror assures obtaining the zero-delay temporal overlap of pump and probe at
the sample position within the range of the delay stage. This accounts for the compensation of
the additional pass of the probe pulse through IR OPA. The excitation energy density in the
focus has been adjusted for the most measurements to the range from 7 to 45 pJ/cm?.

The remaining 90% of the pulse energy is frequency converted in an IR OPA, which is
capable of generating ultrashort pulses in a tunable wavelength range from 0.95 to 5 um
[160]. For wavelength longers than 1.4 um, careful dispersion management is possible using
the bulk dispersion of different materials. While the bulk group delay dispersion (GDD) of Si
and Ge is positive in the whole investigated wavelength range and can be used for up-chirping
(delay of blue vs. red wavelengths) the probe pulses, the GDD of CaF, becomes negative at
wavelengths longer than ca. 1.4 um. This allows to compensate for the dispersion of optical
components in the OPA and of Si and Ge windows. the latter ones are used as spectral filters
after the OPA for blocking the fundamental laser radiation at a wavelength of 800 nm. Adding
bulk CaF, windows of various thicknesses to the optical beam path induces a down-chirp
(delay of red vs. blue wavelengths) and allows optimizing the probe pulse duration by
adjusting the second order dispersion close to zero. This fabulous and simple technique for
pulse compression is exclusively available in the infrared spectral range, due to the absence of
materials with negative GDD in the visible and ultraviolet wavelength range [161]. By
measuring a crosscorrelation [162] between 800 nm pump and 3000 nm probe pulse with a
specially designed nonlinear optical LiNbO3 crystal (200 um thickness, cutting angle 6 = 30),
a width of only 122 fs (FWHM) could be measured for the instrument response function
(IRF), as shown in Figure 6.4 b).

To ensure that the whole probe beam is affected by the photoinduced changes to the
investigated material in the sample, the probe focus needs to be smaller in diameter than the
spot irradiated by the pump beam. Because of the large difference in wavelength, which is up
to a factor of five longer for the probe, the same focal lengths and beam diameter lead also to
an up to five times larger focus, as known from the Abbe diffraction limit. To ship around this

limitation, a much shorter focusing length had to be chosen for the probe, i.e. 12.5 mm. By
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using a telescope with spherical mirrors, the beam diameter has been increased by a factor of
two before focusing, to shrink the achievable focal size. Typically values for the probe beam
focus of ca. 100 um could be achieved, which are of about half the diameter of the pump
beam. In general, the use of gold mirrors in the whole optical path of the probe beam reduced
the losses in reflectivity through the entire used infrared spectral range.

After transmission through the sample, the remaining energy of the pump pulse gets dumped
by a beam block. The transmitted probe beam is recollimated by a CaF; lens, providing good
transmission at the used IR wavelengths. The transmitted probe intensity T is detected after
focusing, either by an InGaAs- or a nitrogen cooled mercury-cadmium-telluride-diode (MCT)
(MCT-5-N, INFRARED ASSOCIATES). These detectors are sensitive in a wavelength range
from 0.8 — 1.7 um and ca. 1.5 — 6 um, respectively. Depending on the used probe wavelength,
one of these detectors can be selected by deflecting the beam with a flip mirror or letting it
pass through. Alternatively, another MCT detector with a preceding monochromator
(MICRO-HR, HORIBA JOBIN YVON) can be chosen to optimize the probe spectrum in the
IR beyond the sensitivity range of InGaAs-diode array based spectrometers. However,
spectrally resolved pump-probe measurements are not carried out with this setup. Spectral
resolution in this wavelength range would not contribute to a gain in knowledge. The broad
spectral width of polaron signatures located at IR wavelengths, which typically cannot be
fully covered by the probe spectrum generated by the OPA. The generated voltage signals in
the detectors undergo a first preamplification by three orders of magnitude (MCT1000,
INFRARED ASSOCIATES) and are further read by two lock-in amplifiers (SR830DSP,
STANFORD RESEARCH). The preamplified signal is fed into the first lock-in amplifier,
together with a trigger signal synchronized with the 90 kHz laser repetition rate, measures a
voltage signal Ugg,which is proportional to the average transmitted probe intensity impinging
at the detector, i.e. Ugy ~ T+AT/2. For this measurement, rather weak bandpass filters (6
dB/octave) and short time constants (typically 10 or 30 ps) must be chosen, in order not to cut
off the frequency region carrying the signal of the fourier transformed temporal modulation
with 6 kHz. The amplitude of this modulation originates in photoexcitations generated by the
pump pulses, which occur at an envelope repetition rate following the chopping frequency 6
kHz. This corresponds to the AT signal we are interested in, and can be detected either at the
difference or the sum of both frequencies, which is 84 and 96 kHz, respectively. By feeding
the output signal of the first lock-in amplifier into the second one, the trigger frequency of 6
kHz of the chopper controller can be used for detecting the signal at 96 kHz. Because the first

lock-in passes through the 90 kHz signal as a DC voltage, it renormalizes the frequency
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spectrum. In a figurative sense this can be understood as a subtraction of 90 kHz, bringing the
original 96 kHz signal to the more convenient frequency of 6 kHz. Typically, the bandpass
filters and the time constants of the second lock-in could be chosen in a very effective
manner, i.e. 24 dB/octave and 300 ms, in order to get a clean signal at the desired frequency.
The amplitude of the voltage signal measured by the second lock-in corresponds to Ug ~ A7/2.
Consequently the desired information can be obtained by reading the output of both lock-in
amplifiers (Ugp and Ug) with a computer and evaluating it by:

AT 2. AT 2-U
2 2 = 6 (4.1)
T (T+%)_% Ugo — Ug

This signal is recorded for every desired delay step, together with the corresponding
wavelength information. Delay steps down to 10 fs were found to be convenient for
measuring ultrafast processes on picoseconds time scales, while large time steps were chosen
to track temporal dynamics on a time scale of several hundreds of picoseconds. The readout
of the lock-in amplifiers and the positioning of the mechanical delay stage have been realized
by the controlling computer, run by a homebrewed software.

In total the presented home-built IR pump-probe setup allows to measure femtosecond
spectroscopy with excitation wavelengths of 400 and 800 nm and a tunable probe wavelength
in the range from 0.95 to 5 um. A temporal resolution of 122 fs was achieved and measured
by cross correlation between pump and probe pulse. The high repetition rate of 90 kHz with a
modulation of the pump pulses at a chopping frequency of 6 kHz, allows a high sensitivity
with a background noise level of only 5-10°. Relative changes in the probe transmission
(AT/T) of only 3-10™* can measured successfully, what demonstrate the powerful capability of
this setup. All in all, this is a very suitable setup to detect polaron absorption also for very
moderate excitation densities and under exclusion of any bimolecular recombination effects
[44].

4.2.2. Ultrafast spectroscopy with broadband probe covering
the visible and near-infrared

Ultrafast spectroscopic measurements with probe wavelengths in mid-infrared allow
measuring the polaron absorption band P, of many materials without any overlapping spectral
features of other photoexcitations [44]. For this purpose the experimental setup introduced in
the previous section has been applied successfully. Nevertheless, for other measurements it

might be useful to observe the spectral features of polarons, excitons and ground state
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bleaching within one measurement. This can be done with another approach in ultrafast
spectroscopy, using spectrally broadband white light for probing. The latter covers the entire
visible and near-infrared range [13,163]. For this purpose, a home-built setup at the Center for
Ultrafast Science and Biomedical Optics in Milan has been used. This setup is based on a
Ti:sapphire regenerative amplifier (INTEGRA C, QUANTRONIX), delivering 100 fs pulses
at a central wavelength of 800 nm, with 1 mJ pulse energy at a repetition rate of 1 kHz. In
principle, the apparatus is designed in a very similar way as the setup presented in Figure 4.3.
Nevertheless, there are slight differences, accounting for generation of the different pump and
probe wavelengths, which are discussed in this section.

Spectrally tunable excitation pulses are generated by a single stage OPA, pumped at 400 nm.
It allows tuning the excitation wavelength in the range from ca. 500 to 800 nm. High energy
excitation, with wavelengths in the blue and UV as short as 370 nm, is obtained by optional
subsequent frequency doubling of the OPA output. For probing, a supercontinuum white light
is generated by focusing about 2 pJ of fundamental pump laser light at 800 nm onto a
sapphire plate. The resulting spectral broadband white light can be optimized towards good
coverage of the visible spectral region below 800 nm. Alternatively, it can be optimized
toward the NIR, by choosing suitable focusing and a sapphire plate of 2 or 3 mm thickness,
respectively [164]. This white light pulse is not temporally compressed but shows a chirp
(delay of blue relative to red wavelengths) and has a pulse-duration of few picoseconds,
which is encountered during the data extraction and evaluation. To benefit from this
broadband white light probe pulse, a detector is required allowing to spectrally resolve the
probe. For this purpose a combination of a spectrograph with a silicon CCD array (Stresing
Entwicklungsbiiro) was chosen [165]. This system is capable of detecting selected broadband
wavelength ranges from 350 nm up to 1100 nm. Due to distortions of the spectral phase at the
wavelength of thefundamental laser light at 800 nm, and different requirements of the
alignment for the white light generation, separate measurements for the spectral ranges below
and above 800 nm have to be carried out. This configuration allows recording 2D maps of the
obtained signal AT(4,¢)/T, with spectral resolution on one axis (1) and the temporal pump-
probe delay at the second axis (t). The temporal chirp due to the stretched white light pulse
has to be carefully taken into account and can be removed by using homebrewed software for
the evaluation. A big benefit of this 2D map is that it offers to extract the recorded signal
spectrum AT(2)/T at any recorded time delay and to extract the temporal decay A7(?)/T at any
desired wavelength within the spectrum. In this way, spectral shifts, originating in the

eventual overlap of spectral features of different species of photoexcitations, can be identified
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by investigating the temporal evolution of the signal spectrum. With this technique a temporal
resolution of ca. 150 fs was achieved, which is comparable to the one the of IR pump-probe
setup, as detailed in the previous section. Because of the relatively low repetition rate of 1
kHz, which allows the beneficial spectrally resolved detection, a sacrifice of detection
sensitivity has to be made. The achieved sensitivity allows detecting signals down to 5-10™.
Although the excitation densitiy has been kept always as moderate as possible, bimolecular
effects could not be excluded in every measurement. This was especially the case, when
measuring polaron absorption bands, which are relatively weak compared to ground state
bleaching or stimulated emission.

In conclusion, this pump-probe setup allows to record 2D AT(2,t)/T maps and offers high-
level spectral and temporal resolution within the same measurement. The broad probe
spectrum, covering the visible and near-infrared make it a very powerful tool for observing
spectral features of different photoexcitation species within the same measurement. A free
choice of the excitation wavelength allows to adress the investigated materials at their specific
wavelengths and to study the role of excess excitation energy on polaron formation in

conjugated polymers and oligomers, as presented in chapter 7 and in reference [166].

4.3. Steady state spectroscopy on charged molecules

Measuring formation, presence and decay of polarons in conjugated organic materials by
optical spectroscopy requires a detailed knowledge about the spectral features of the involved
ions. For retrieving these spectral features and an unambiguous identification of cations (hole
polarons) and anions (electron polarons), a variety of techniques has been used, measuring the
differential absorption in a steady state fashion, i.e. without temporal resolution. These
techniques allow to some extent to retrieve not only the qualitative evaluation of polaronic
spectroscopic signals but partially also quantitative numbers. The latter describe their
absorption behavior, i.e. the molar extinction coefficient ¢ and the polaron absorption cross
section o, as explained in section 5.2.4. This chapter gives an overview of the used
experimental techniques that are required to retrieve the differential absorption of polarons in
conjugated polymers, and points to the limitations of certain techniques. The discussion will
focus to the chemical oxidation, the attempted chemical reduction and the injection of charges

by charge modulation spectroscopy.
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4.3.1. Cation generation by chemical oxidation with SbCls

Over the past two decades several techniques established to measure the cation absorption
spectrum of various conjugated molecules by chemical doping either in solution or in thin
films. Especially oligo(phenylenevinylene)s as well as oligomers and polymers based on
thiophene were studied, by doping with SbCls and nitrosonium hexafluorophosphate (NOPFg)
in solution [91,167], and with FeCl; and fluoroalkyl trichlorosilane (FTS) in thin films
[168,169]. All these measurements consistently reported the formation of new intra-bandgap
absorption bands of the polymers or oligomers, evolving upon doping with the respective
oxidant. In this section, the technique of chemical oxidation with SbCls and its further use to
retrieve the absorption spectra of cations (hole polarons) in donor-acceptor copolymers is
explained [44]. As an oxidant, the molecule SbCls has been chosen, since it is well known to
be a very strong oxidant and to create hole-polarons in most organic materials [170]. A further
benefit of this molecule is its spherical geometric arrangement, as shown in Figure 4.4, which
promises a reduction of geometrical dependencies of the oxidation process during the

interaction with polymer chains in solution.

C I iy,

Figure 4.4: Chemical structure of SbCls. This strong oxidant ionizes most organic materials.
Geometrical dependencies of the interaction with polymer chains are expected to be strongly

reduced due to its spherical arrangement.

For measuring the differential absorption of conjugated materials, dilute solutions of all
investigated materials are prepared with a concentration of 15 pg/mL solved in 1,2-
dichlorobenzene (ODCB) (CHROMASOLYV, SIGMA ALDRICH). The absorption of these
solutions is measured with an automated absorption spectrometer (CARY 5000, VARIAN)
using fused silica cells (HELLMA and SPECTROCELL) with a light pass length of 10 mm.
With this combination the spectral range from 175 to 3300 nm can be covered, with
restrictions below 290 nm and between 2560 and 2860 nm due to absorption of the fused
silica cells and the solvent. To prevent the occurrence of absorption by the solvent, various
solvents have been tried. ODCB turned out to be the best compromise, because other solvents
like toluene showed more pronounced absorption features in the spectral range of interest.

However, solvents without hindering absorption features tended to react with the dopant, such
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as tetrachloroethylene. After measuring the absorption of pristine solutions, consecutive
doping with small amounts of a dilute SbCls solution at a concentration of 90 pug/mL is carried
out. Adding 5 pL of this solution to 3 mL of polymer solution corresponds to a doping ratio of
1% of the dopant relative to the weight of the polymer contained in the cell. Repeated
absorption measurements reveal the changes between consecutive doping measurements, as

shown in Figure 4.5 for the copolymer PCPDT-BT.
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Figure 4.5: a) Absorption spectra of PCPDT-BT in solution, undoped and doped with various
concentrations of SbCls. b) Chemically induced differential absorption. For increasing
doping ratios growing spectroscopic signatures of ground state bleaching and polaron
absorption bands P; and P, emerge. Above a ratio of 4% the signal grows in a sub-linear

fashion due to an onset of saturation.

Upon increasing the doping ratio, the ground state absorption of the molecules decreases and
prominent absorption bands P; and P, arise in the infrared due to polaron absorption, as
depicted in panel a). For a better comparability, the differential absorption is plotted in panel
b). It depicts the absorption of the respective doped solution after subtracting the one of the
undoped solution. In this detailed view, it becomes obvious that the response of the

spectroscopic feature does no longer grow linear but starts reaching saturation at doping
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concentrations higher than 4%. Thus, for quantitative measurements it is strongly
recommended to stay at low doping concentrations, not higher than 4%, in order to justify the
assumption that every inserted dopant molecule creates one hole polaron on a polymer chain.
From these measurements a qualitative absorption spectrum of cations can be retrieved, which
allows to choose the right probe wavelength for their detection by ultrafast spectroscopic
measurements. In addition, quantitative numbers for the absorption cross section of polarons

can be extracted, as discussed in detail in section 5.2.4.

4.3.2. Anion generation by chemical ionization with strong
reducing agents

Similar to the chemical generation of cations in various conjugated polymers and oligomers,
we tried to detect the induced change in optical density by chemical reduction of the
molecules in solution. Recently, it has been shown that upon reduction with a sodium-
potassium alloy (NakKj) anions of 2,7-(9,9-dihexylfluorene) oligomers can be generated [171].
In a similar way, by using a solid potassium mirror, oligomers of the homo-material
phenylenevinylene could be reduced successfully, which showed very similar absorption
behavior of cations and anions in these oligomers [91,100]. By doping with the reducing
agent diisobutylaluminium hydride (DIBAH), various kinds of copper chalcogenide
nanocrystals could be reduced [172].

Both methods, using the liquid dopants NaK; (liquid alloy at room temperature) or DIBAH at
strongly diluted concentrations in the solvent tetrahydrofuran (THF), have been applied to
reduce the investigated donor-acceptor copolymers. The copolymers were solved in the same
solvent at a concentration of 15 pg/mL. For DIBAH a concentration of 45 pg/mL allowed to
obtain small doping ratios of few percent, similar to the oxidation experiments with SbCls.
Due to poor solubility of the NaK, alloy in THF, an exact concentration could not be
determined. A comparison of the differential absorption of PCPDT-BT for both dopants can
be found in Figure 4.6. Both experiments result in strong ground state bleaching. In the case
of hydride as the used dopant, an additional spectral feature from electro absorption (EA)
occurs in PCPDT-BT. Electro absorption originiates in a shift of ground state absorption due
to induction of electric dipole moments on the polymer chain, when interacting with
surrounding molecules or external electric fields. The same absorption band has been found
for PCPDT-BT when chemically oxidized, as shown in Figure 5.7 b). It has been also
reported for other polymers, such as P3HT [96]. Nevertheless, doping with both reduction
agents did not result in the expected formation of polaron absorption bands P; and P».
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Figure 4.6: Differential absorption spectra of PCPDT-BT in solution upon chemical
reduction with NaK; (blue) and 10% hydride (red). For comparison, the absorption of the
undoped solution is shown as a dashed black line. While doping with alkali metals only
results in ground state bleaching (GB), doping with hydride leads to well pronounced electro
absoprtion (EA).

This unexpected outcome for both reduction experiments lead to the assumption, that donor-
acceptor copolymers and in general thiophene polymers suffer from poor stability upon
reduction. One further indication supporting this assumption is that to our knowledge so far
no successful chemical reduction is reported for thiophene polymers or oligomers. It is worth
mentioning that successful chemical reduction of fluorene oligomers is reported in literature
as mentioned before [171], which is so far the only investigated material in the scope of this
work, which could not be oxidized (as polymer polyfluorene) with the dopant SbCls. A
possible explanation for this finding is that the relative arrangement of energy levels of
thiophene and donor-acceptor copolymers allows efficient and stable oxidation, while in

contrast PFO allows stable reduction when using strong reactants like alkali metals.

4.3.3. Electron injection by charge modulation spectroscopy

A further attempt to retrieve the absorption spectrum of electron polarons in donor-acceptor
copolymers has been undertaken by using charge modulation spectroscopy (CMS) [44,173].
Unipolar charge injection can be achieved and thus electron-only devices realized by a
suitable choice of electrode materials. These devices exclusively inject electrons to the
polymer and are thus a suitable method for measuring its anion absorption spectrum [174]. To

ensure good electron injection qualities, metals with high work functions have been chosen.
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Aluminum with a thickness of only 13 nm has been evaporated as bottom electrode, which
resulted in a transparency of ca. 50% through the whole visible and NIR spectrum. The top of
this electrode was oxidized for several samples by exposing it to air for several minutes. As
detailed in reference [174], the resulting Al,O3 layer creates a potential barrier for electron
injection but not for extraction. Nevertheless, no significant influence of the oxid layer on the
CMS sample performance could be found in these experiments. Afterwards, a thin layer of the
desired copolymer was spin coated on top of the bottom electrode. Slight n-doping of the
polymer film with dimethylcobaltocene (2% wt.) (DMC) helps filling the trap states and
results in a higher electron mobility of the investigated polymer [14,175,176]. Carrying out
the spin coating and evaporation steps under inert gas atmosphere prevented the sample from
degradation due to oxidation or the intrusion of moisture. On top of the polymer layer the top
electrode for electron injection is evaporated under ultra high vacuum (10° mbar), consisting
of 5 nm Ca with a high work function and finished by a thick layer of evaporated Al, acting as
a reflecting back electrode. A detailed sketch showing all different layers of a typical electron-
only CMS sample is presented in Figure 4.7 b). Above, in Figure 4.7 a), a layout plan of the
optical setup for charge modulation setup can be found.

As a broadband light source, a Xe-short-arc lamp (LS0308, L.O.T. ORIEL) has been used,
covering the visible and NIR spectral region for probing the OD of the CMS sample during
charge injection. A monochromator (MICRO-HR, HORIBA JOBIN YVON) provides
selectivity of a narrow band wavelength, which is further focused onto the CMS sample. After
transmission of the incident beam through the glass substrate and the semitransparent bottom-
electrode it is reflected at the top electrode and sent to a detector after proper recollimation.
With a silicon- and an InGaAs-diode the whole visible and NIR spectral range can be
covered, up to a wavelength of about 1700 nm. The actual charge injection in the copolymer
film is achieved by applying a voltage between top and bottom-electrode with a function
generator. Voltage between the electrodes of 4.8 VV / 0 V for the on / off cycle were chosen.
The voltage signal followed a rectangular step function at 320 Hz repetition rate. Lower
repetition rates down to 30 Hz did not alter the obtained signal. Figure 4.8 compares the CMS
signal obtained for the copolymer PCPDT-BDT, doped with 2% of DMC in an electron only

device fabricated with the layout shown in Figure 4.7 b).
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Figure 4.7: Scheme of setup and sample cell for charge modulation spectroscopy (CMS). a)
Optical setup for measuring CMS, consisting in a light source, covering the visible and NIR
specral region, a monochromator for wavelength selectivity, and a silicon or InGaAs diode
for measuring the light after reflection in the sample cell. A function generator applies a
voltage between the two electrodes and injects charge carriers. The alternating OD of the
sample due to the injected charge carriers is detected by a lock-in amplifier, reading the
voltage of the target diode together with the wavelength, adjusted in the monocromator. b)
Cross section of a CMS electron-only sample cell, consisting of a semitransparent Al
electrode (13 nm) with an oxidized layer, a layer of copolymer (100 nm) doped with DMC
(2% wt) and an evaporated top electrode of Ca (5 nm) and thick Al (120 nm) for good
reflectivity.

Interestingly, it shares a very similar spectral shape with the cation absorption spectrum
obtained by oxidizing the copolymer in solution with SbCls. Up to 1300 nm, a prominent
ground state bleaching can be observed which is then overtaken by the onset of the P1
absorption band. This measurement demonstrates that the principle, setup and device of
charge modulation spectroscopy works for polymers, as it was shown also in other

experiments [31].
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Figure 4.8: CMS signal (red line) of an electron-only device of PCPDT-BDT doped with
DMC (2% wt) and the cation absorption spectrum measured by SbCls doping (blue line).
Similar to the cation signal, the anion spectrum shows ground state bleaching (coinciding
with ground state absorption, black line) and the onset of the polaron absorption band P;
starting at 1300 nm. The limited spectral range of the InGaAs detector allowed to measure
the CMS signal only up to 1700 nm.

However, out of the investigated donor-acceptor copolymers, studied in this work, only for
PCPDT-BDT a reliable CMS signal could be obtained. The fact that only this copolymer,
exhibiting the lowest optical bandgap and the lowest LUMO energy level, leads to a working
device might point to charge injection problems. A mismatch between the work function of
Ca and the energy levels of the copolymers might be the origin for the poor performance of
CMS samples, when using other donor-acceptor copolymers. Similar to the attempts of
retrieving the anion absorption spectrum by chemical doping with reducing agents, also its
retrieval by CMS remains a demanding task. For this reason these experiments shall be
regarded as a proof of principle. First, they show that it is possible to obtain the anion
absorption spectrum by CMS on electron-only devices with certain demands towards the
energetic position of the copolymer’s LUMO level. Second, it turns out that the P; absorption
band of cations and anions share a similar, but yet not identical spectral shape. Because of the
great importance of knowing the polaron absorption spectra for the studied materials in a
precise fashion, theoretical investigations have been performed, to clarify the remaining

questions, as detailed in section 5.2.2.
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4.3.4. Theoretical methods for quantum chemical modeling

For the quantum chemical modeling of the molecular properties, e.g. absorption spectra and
natural transition orbitals (NTOs), two different methods have been used. The goal of the first
method was a detailed theoretical investigation of spectral polaron signatures in donor-
acceptor materials, revealing the asymmetry between electron and hole wave functions.
Furthermore, NTOs of neutral molecules for different excitation energies and for positively or
negatively charge ions were calculated. The results of this investigation can be found in
sections 5.2.1 and 7.3 and are published in references [45] and [166], respectively. The
calculations are based on density-functional theory (DFT) and linear response time-dependent
DFT (TDDFT), and were done in the Gaussian09 program suite [177]. The Coulomb-
attenuating method Becke three-parameter Lee-Yang-Parr hybrid functional (CAM-B3LYP)
and 6-31G* basis set were employed. The visualization was done using GaussView 5 [178].
To capture the long range character in the electronic exchange interaction, which is required
to describe the expected pronounced charge-transfer character in the electronic transitions, the
long-range corrected CAM-B3LYP functional was used [179,180]. For mimicing the
properties of the corresponding polymers, calculations were done for long but finite-length
oligomers, consisting of three to four repeating units. To reduce the computational costs, alkyl
side chains were replaced by methyl side chains, what is justified by their lacking
involvement in optical excitations. Only small quantitative differences were found when
comparing the spectra of smaller oligomers with and without symmetry constraints. The
dependence of the spectra on the length of the oligomers was studied and no qualitative
changes were found. To achieve better comparability, the total chain length was chosen to be
similar for all oligomers compared in this work. The results for the oligomers with more
repeating units, i.e. PCPDT and PCPDT-BT were obtained using C,y symmetry, and C;
symmetry for PCPDT-2TBT. Also for absent symmetry constraints in the calculations, only
small changes in the molecular structures were observed upon adding or removing charges to
the PCPDT and PCPDT-BT oligomers. A relaxation toward slightly more planar structures
could be found for PCPDT-2TBT, which is similar for cation and anion. For all calculations,
the molecular geometry in the ground state was optimized first and then the lowest 20
electronic excitations were calculated. To retrieve the shown electronic spectra, a
homogeneous broadening of 100 meV was applied. Different molecular-orbital contributions
to each transition were inspected to obtain a qualitative picture of electronic excitations in the
studied systems. The quantitative analysis of the character of electronic transitions was based

on the introduction of natural transition orbitals. These cast each electronic transition in a
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minimum number of pairs of effective single-particle orbitals. While in an ideal case only one
relevant NTO pair remains for each transition, a larger number of NTOs is typically found if
correlations play a significant role in the electronic excitation.

Because of the demanding computational effort required for the TDDFT calculations, a
different approach was chosen for the comparison of the cation and anion absorption spectra
of a larger number of different donor-acceptor copolymers, as presented in section 6.4 and
published in [44]. For this approach, the semi-empirical Austin Model 1 (AM1) was chosen,
which is based on the Hartree-Fock method [181]. With this method, first the ground-state
geometry of the studied oligomers has been optimized for an increasing size up to four
repeating units. Afterwards, the charged molecules have been calculated by combining AM1
with a configuration interaction scheme [181]. Also for this approach oligomers of similar
physical length were chosen, allowing direct comparability between the different materials.
The resulting lengths are four repeating units for the copolymers PCPDT-BDT and PCPDT-
BT and three repeating units for PCPDT-2TBT and PCPDT-2TTP. As a further
simplification, the ethyl-hexyl side chains have been replaced by hydrogen atoms since they
do not contribute to the lowest optical transitions. The resulting absorption spectra have been
obtained on the basis of the electronic excited states by coupling the AM1 model to a full
configuration interaction scheme involving 20 occupied and 20 unoccupied energy levels. As
expected, the calculated absorption spectra are shifted toward higher energies, compared to
the experimentally obtained ones of the significantly longer copolymers. Nevertheless, also in
this case the chosen length is sufficient to mimic the photophysical behavior of the
corresponding copolymer.

In total, both chosen theoretical methods gave helpful insights into the photophysical
properties of donor-acceptor copolymers. Their combination with state of the art experimental
techniques thus played a key role in the discovery and explanation of polaron pair formation

in these novel materials.
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5. Spectroscopic signatures of excited states in

organic materials

Spectroscopic investigation of photoexcitations of various species always requires signatures,
acting as individual finger prints for proofing their existence. This can be either photoinduced
absorption (P1A), photoluminescence (PL), or photobleaching, which is accompanying each
species of excited state. In order to address these features with optical spectroscopy, the
spectral region of their occurrence has to be accessible to a suitable optical experimental
setup. Today, a wide spectral range can be covered with different spectroscopic technigues,
ranging from the ultraviolet (UV) [182,183], through the visible spectral region [157,165,184]
down to the mid infrared (MIR) [160,185,186]. Many n-conjugated materials show absorption
features in the UV and visible spectral region [20] and photoluminescence at visible (VIS)
and near infrared (NIR) wavelengths. For this reason, optical spectroscopy is a widely used
tool to study electron dynamics in organic materials, often with ultrafast time resolution by
the use of femtosecond pump-probe spectroscopy. In the following sections, an overview of
spectral signatures of neutral excitons and polarons in homopolymers and low-bandgap
copolymers will be given, with a special attention on the differences of these two material

classes and consequences for the physical interpretation of such measurements.

5.1. Exciton absorption and photoluminescence

The presence of excitons in z-conjugated materials can be measured qualitatively and
quantitatively with several spectroscopic techniques. One prominent spectroscopic signature
of excitons in conjugated polymers is excited state absorption (EX). Excitons at the energy
level S; can be further optically excited to occupy higher energetic states Sy, as depicted in
Figure 5.1 a). The required photon energies for these transitions in several polymers are
typically in the NIR [61,62,98,187,188] and vary according to the ground state absorption
with conjugation length and energetic disorder in the material. Oligomers with short

conjugation lengths and therefore blue-shifted absorption allow the detection of EX together
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with polaron absorption and ground state bleaching within the same spectral window of the

spectroscopic measurement, ranging from the UV to the NIR [166].
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Figure 5.1: Scheme of the energetic levels of an electron-hole pair bound as an exciton.
Typical spectroscopic signatures of excitons are the excited state absorption (EX) from S; to a
higher energetic state, shown in panel a) and the stimulated emission (SE) due to radiative
decay (fluorescence) as shown in panel b).

Additional experimental proof for the presence of excitons can be obtained by observing
stimulated emission, as shown in Figure 5.1 b). Following Kasha’s rule, as explained in
section 2.3, stimulated emission and the related relaxation of the molecule to the ground state
always occurs after preceding vibrational relaxation from a higher to the lowest vibronic
level. Since in the materials studied in this work, photoexcited states are originally all singlet
excitons and optical singlet-triplet transitions are strongly forbidden, stimulated emission
consists almost only in fluorescence. It is an important spectroscopic signature, allowing to
study the lifetime of excitons and geminate (mono-molecular) as well as non-geminate (bi-
molecular) decay processes, even on an ultrafast timescale [6,13,44,135,166,187-191].
Because of the large wave function overlap of different exciton states S - Sy, the EX and also
the SE band show very large oscillator strength and consequently large absorption cross
sections. This makes optical spectroscopy a very efficient technique for probing the presence

of excitons in z-conjugated materials.
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5.2. Polaron absorption

5.2.1. Symmetric polaron signatures in homopolymers

Qualitative and quantitative spectroscopic investigation of the presence of charge carriers is of
great importance for the understanding and characterization of z-conjugated materials,
especially in terms of their application in electronic or photovoltaic devices [28,98]. Polarons
provide spectral features in the NIR and MIR spectral region. As described in detail in
subsection 2.4.4, the presence of an excess charge as well as the lack of a charge, leads to a
geometric realignment of the polymer chain. An accompanying shift of the ground state
energy leads to the formation of new optical transitions within the optical band-gap of the
neutral molecule, which appear for most polymers in the NIR and MIR spectral range [28,88—
101]. Figure 5.2 gives a schematic overview of the optical transitions of polarons in

homopolymers and radicals of oligomers.
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Figure 5.2: a) In the case of a neutral homopolymer the optical bandgap is given by the n-*

LUMO

HOMO

$ 31w

transition. When charged b) positively or ¢) negatively, geometric rearrangement of the
polymer chain leads to new energetic levels, provoking new intra-gap optical tranisitions Py

and P, which are typically located in the near- and mid-infrared spectral region.

In the case of a neutral molecule the optical is given by the z- z*-transition, as depicted in
Figure 5.2 a) and described in section 2.1. After oxidation and the subsequent molecular
reorganization towards a lower energetic minimum, the redshifted optical bandgap occurs as
polaron absorption band P;. In addition, a further polaron absorption band P, evolves due to a
new accessible transition from a lower energetic occupied molecular orbital to the highest
singly occupied molecular orbital. These transitions are typically in the range of 1 — 1.4 eV
and 0.3-0.4 eV, respectively, for homopolymers used in photovoltaic applications, such as
P3HT [13,98,192]. These transition energies correspond to wavelengths of ca. 1 um and 3

pum, which are accessible by infrared (pump-probe) spectroscopy.
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Figure 5.3 shows the differential absorption (40D) spectrum of oxidized regioregular P3HT
in solution [44]. It clearly exhibits reduced absorption up to a wavelength of 600 nm due to
ground state bleaching (GB) and two absorption bands, P; and P, in the IR, proving the
presence of hole-polarons. Experimental studies on chemically generated electron-polarons on
P3HT are up to date not available, which is probably due to poor stability of this material
upon reduction. Nevertheless, successful reduction experiments have been performed on other
homopolymers like poly(phenylenephenylenevinylene) (PPPV) [91] and recently also on
oligomers of fluorene[171] and oligo(phenylenevinylene) [100].
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Figure 5.3: Differential absorption (A0D) spectrum of regioregular P3HT solved in
dichlorobenzene. Hole-polarons (cations) were generated by chemical oxidation with SbCls.

Ground state bleaching (GB) and polaron absorption bands P; and P, are clearly visible.

All these experiments emphasize that the absorption of cations and anions in these systems is
very similar in terms of enegetic position and spectral shape. A possible explanation for this
symmetry might be the symmetry of the involved molecule orbitals [100,193,194]. In the
studied systems, i.e. homopolymers and oligomers, both HOMO and LUMO are mainly
unstructured orbitals, which are delocalized over large parts of the chromophore.
Consequently, a missing electron in the HOMO as well as an excess electron in the LUMO
leads to a similar wave function distribution with similar properties. It is a valid argument that
this symmetry might also hold true for other homopolymers, like P3HT. Nevertheless, in low-
bandgap copolymers, with an alternating donor-acceptor structure along the molecule
backbone, this symmetry is clearly broken [45]. As a consequence, symmetric absorption
spectra between positive and negative polarons cannot be expected. This motivates the
detailed discussion of their polaron absorption spectra in the next section, since this
knowledge is crucial for a correct qualitative and quantitative interpretation of spectroscopic

measurements.
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5.2.2. Asymmetric polaron signatures in donor-acceptor
copolymers

While it is commonly assumed, that the polaronic absorption bands can be assigned to
interband (P;) and intraband (P,) transitions for homopolymers, as discussed in the previous
section, the nature of the absorption bands in donor-acceptor copolymers is somewhat more
complex, due to considerable electronic configuration mixing. Different effects originating in
the sophisticated nature of such materials require a more extended model, than it is presented
in Figure 5.2. Firstly, in many cases the formation of absorption bands, as they are measured
experimentally, does not occur due to only one transition, but might be a superposition of
several distinct transitions with different oscillator strengths. Not only different transitions but
also a mixture of different transition types, i.e. inter- and intra-band, is found to contribute to
this absorption band. Several higher LUMO and lower HOMO levels are found to contribute
to the inter-band transition in such molecules. A superposition of different transitions,
forming the absorption bands, can even be observed in homopolymers, such as
poly(cyclopentadithiophene) (PCPDT) [45], with a much simpler chemical structure.
However, their symmetry of electronic states above and below the optical bandgap are both of
delocalized nature. This maintains the electron-hole symmetry in the distribution of the wave
function and thus a qualitatively very similar absorption behavior of cations and anions.
Figure 5.4 illustrates measured and calculated absorption spectra of neutral and ionized
molecules of the homopolymer PCPDT and the copolymer PCPDTBT. For both materials, i.e.
PCPDT in panel a) and PCPDT in panel b), the absorption of neutral molecules (red line)
coincides with the spectral position of the ground state bleaching in the chemically induced
differential absorption AOD (green line). The latter has been realized by doping thin solutions
of PCPDT and PCPDT-BT in ortho-dichlorobenzene (ODCB) and toluene, respectively, with
SbCls. The subsequent ionization allowed to measure the differential absorption of the
formation of cations. Prominent signatures, proofing the presence of cations, are the polaron
absorption bands P; and P, which are located around 1000 nm and 2500 nm in PCPDT and
around 1200 nm and 3000 nm in the case of PCPDTBT. Good agreement of the measured and
calculated spectra (shown in Figure 5.4 b) and d)) of the same materials was found, although
for the simulation shorter chains have been chosen for the sake of limiting computation effort.
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Figure 5.4: Experimentally measured absorption of neutral (red) molecules in solution of a)
the homopolymer PCPDT (solved in toluene) and c) the copolymer PCPDTBT (solved in
ODCB). The related measured differential absorption upon oxidation (formed hole polarons,
shown in green) shows prominent polaron absorption bands P; and P,. A comparison with
theoretical simulations states good agreement of measured and predicted cation spectra
(green) for b) PCPDT and d) PCPDT-BT. Further comparison with calculated anion spectra
(blue) shows only small differences between cations and anions for the homopolymer in b) but
clearly broken electron-hole symmetry for the copolymer in d). Chemical structures of the

measured/simulated molecules can be found as inset in the respective panel.

These calculations are based on TDDFT and are published in reference [45]. Absorption
spectra of neutral and positively ionized molecules could be reconstructed in a very plausible
fashion, although a slight blue shift of the theoretical compared to the measured spectra
remains, which is probably due to the limited chain length the used theoretical method.
Chemical structures of the measured and simulated molecules can be found as insets in the
respective panels. In addition to the cation absorption spectra, also the related anion
absorption spectra could be retrieved by theoretical simulations. For the homopolymer in
panel b), only a slight deviation is observed, proofing expected symmetry to a large extent of
the involved electronic states below and above the optical bandgap, which are of delocalized
nature in both cases. This symmetry is not maintained in the case of the copolymer
PCPDTBT. A detailed discussion on the basis of quantum chemical calculations and

experimental measurements is given in the following.
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This will be done by choosing a more generalized approach using quantum chemical
calculations helping to visualize all relevant electronic transitions in order to obtain a realistic
view of the processes leading to polaronic absorption.

A realistic description requires to consider geometric changes of the molecule toward a new
energetic minimum upon addition or removal of a charge to the molecular system, as
explained in section 2.4.4. The spin-doublet structure of polarons has to be considered to
influence the optical response due to their selection rules. These aspects have been caccounted
for in the quantum chemical calculations carried out by Wiebeler et al., which are described in
more detail in reference [45]. They are based on the introduction of natural transition orbitals
(NTOs) [195], allowing us to investigate electronic excitations in the correlated many-particle
system with still relatively simple terms. In principle, each transition is split up into a
minimum number of pairs of effective single-particle orbitals. In ideal case, the transition can
be reduced to only one relevant pair of NTOs. For more complex transitions with electron

correlation playing a major role, a larger number of NTOs has to be taken into account.
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Figure 5.5: Natural transition orbitals (NTOs) contributing to polaron absorption bands of
cations and anions of PCPDT-BT. The visualizations contain the wavelength of occurrence,
the oscillator strength f, the spin sub-system (o,f), and their intra- or inter-band character. a)
P, absorption band for cations and anions are based on one intra-band NTO pair each, being
of delocalized/localized nature for cations/anions. b) P; shows a more complex structure,
since several NTO pairs contribute to each polarity. Inter- and intra-band transitions as well
as both spin sub-systems contribute to P;. Intra-band transitions have a remarkably high

charge-transfer character.
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The numerically calculated NTOs for the dominant transitions forming P, in the copolymer
PCPDT-BT are shown in Figure 5.5 a). Wavelength and oscillator strengths f are noted in the
figure as well as the different spin subsystems « and g of the involved polaronic doublet
states. Both the cationic and the anionic P, transition are each dominated by only one single
NTO pair, being located at 2483 nm and 2994 nm with respective oscillator strengths of 3.69
and 2.83. In this copolymer, states above the gap are well localized on the BT units [42]
whereas states below the gap show extended z-orbital delocalized over several repeating units
nature similar to those in homopolymers. This difference can be attributed to the higher
electron affinity of the BT units and consequently to the broken symmetry between electronic
states below and above the band gap (holes and electrons). Accordingly, the anion intra-band
absorption of this copolymer mainly originates in transitions between states, which are
localized on several BT units, whereas the cationic contribution to the P, peak is dominated
by transitions between delocalized states. With this knowledge it is easy to understand, why
the cation absorption band of PCPDT and PCPDTBT are very similar in shape and energy,
while their anionic counter parts differ significantly from each other.

A slightly more complicated explanation has to be given for the higher energetic absorption
band P; of PCPDT-BT. Nevertheless, since this absorption band is often used as a
spectroscopic signature in ultrafast spectroscopic measurement with broad-band detection, it
is worth to spend some time and effort to understand the slightly sophisticated nature of this
absorption band. As can be seen in Figure 5.5 b), both the cationic and the anionic
contribution to P; consist in several dominant NTO pairs. For the cation, the dominant
contributions are located at 1045 nm, 1103 nm and 931 nm, with oscillator strengths of 0.71,
0.49 and 0.54, respectively. In the case of the anion, the dominant contributions are at 1049
nm and 914 nm with oscillator strengths of 1.18 and 0.67. In both cases relevant inter- and
also intra-band transitions can be found, as well as NTOs belonging to the different spin sub-
systems a and f. Considering the large number of transitions and much more the different
nature of these transitions forming the anionic and cationic contribution to the P; band, the
found similarity of their spectral shape is very surprising and should not be generalized to
other materials of this class. Only partially, this similarity could be explained by the energy
difference between HOMO and LUMO, which is independent of the character of the states
below and above the gap [45,196]. Interestingly, the contributing intra-band transitions to
both Py types show a very pronounced charge-transfer character, which means that the spatial
overlap of both orbitals is strongly reduced. Since this is not observed in homopolymers, it is

a first interesting indication, that charge-transfer and reduced spatial overlap of excited states
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plays an important role in donor-acceptor materials. Nevertheless, the large number of
different contributions to the spectral shape and energetic position does not allow generalizing
the gained knowledge to all donor-acceptor copolymers. For this reason, the polaron
absorption of further copolymers studied in this work shall be investigated in detail in the next

section.

5.2.3. Structural influences governing anion and cation
absorption asymmetry

In order to get deeper insight into the properties and the behavior of polarons and polaron
pairs in these novel materials for organic photovoltaics, the studies have been extended to a
representative class of different donor-acceptor copolymers [44]. Figure 5.6 shows the
absorption spectra of respective thin films and the chemical structure of PCPDT-BT and three
further low-bandgap polymers, which have been investigated in a systematic study and will be
introduced in the following.

Among the studied choice of materials is the low-bandgap copolymer PCPDT-BT, which has
been introduced already in the previous sections. For sake of completeness, its neutral
absorption spectrum and its chemical structure are shown again in Figure 5.6 b) and f). The
electron donating CPDT unit, which is the same for all chosen copolymers, is highlighted by a
blue box. The electron accepting BT unit, which is directly attached to it, is marked by a
yellow circle, indicating an electron accepting unit of medium strength, more strictly spoken
with moderate electron affinity. To ensure good comparability, different donor-acceptor
copolymers have been chosen, sharing an identical donor unit, but varying in their acceptor
moiety and/or the spatial separation of donor and acceptor centers. One further studied
copolymer is poly(4,4'-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b']-dithiophene benzo-
[1,2-c;4,5-¢"Tbis[1,2,5]thiadiazole]) (PCPDT-BDT), as shown in Figure 5.6 e). Its red
highlighted BDT unit indicates a very electronegative acceptor. Together with PCPDT-BT it
forms one category of studied materials, where the acceptor is directly linked to the donor
segment. The second category consists in two copolymers, which exhibit a donor segment,
being extended by two attached thiophene rings and hence further separates the centers of
donor and acceptor. This category consists firstly in poly(4,4'-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b']-dithiophene-4,7-bis(2-thienyl)-2,1,3-benzothiadiazole) (PCPDT-
2TBT) (Figure 5.6 h)), carrying the same acceptor unit as the well known PCPDT-BT and
poly(4,4'-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene- 2,3-diphenyl-5,7-bis(2-
thienyl)thieno[3,4-b]pyrazine) (PCPDT-2TTP), again with a stronger electron acceptor, as
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shown in Figure 5.6 g). In this second category, the CPDT donor is linked to the acceptor via
thiophene spacers. We refer to them as spacers in the sense that they further separate the

donor and acceptor centres of mass and are chemically similar to the CPDT donor.
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Figure 5.6: Absorption spectra of thin films of the neutral low-bandgap copolymers a)
PCPDT-BDT, b) PCPDT-BT, c) PCPDT-2TTP, d) PCPDT-2TBT. The respective chemical
structures are shown in panels e) — h). All studied copolymers share the same CPDT donor
unit, highlighted with a blue box, but differ in their acceptor moieties or on-chain topology.
Yellow (red) indicates moderate (strong) electronegative acceptor moieties. In category one,
i.e. e)-f), donor and acceptor are directly linked, while in the second category g)-h) they are

further separated by thiophene rings as spacers.

Figure 5.6 a) — d) shows the absorption spectra of the different compounds deposited as thin
films. All of them exhibit an absorption onset in the NIR region of the spectrum (< 730 nm, <
1.7 eV), which is redshifted compared to homopolymers, such as P3HT. Their different
acceptor moieties and chain topologies provides them different absorption spectra when
compared to each other. As for other very similar copolymers [197], the energetic position of
the first absorption band (S1) is mainly determined by the HOMOpono—LUMO acceptor €NErgY
difference and the electronic coupling between them, as discussed in more detail in section
3.3. PCPDT-BDT having the most electronegative acceptor moiety among the materials

presented here, shows an absorption onset starting at about 1550 nm (~0.8 eV), as depicted in
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Figure 5.6 a). PCPDT-BT and PCPDT-2TBT share the same acceptor, but the presence of the
thiophene spacers in PCPDT-2TBT, further separates the mass centers of the donating and
accepting moieties, likely influencing the electronic structure of the coupled system. This
results in a slightly blue-shifted absorption onset of PCPDT-2TBT (Figure 5.6 d)) with
respect to PCPDT-BT (Figure 5.6 b)). In PCPDT-2TTP (Figure 5.6 c)), the two thiophene
spacers decrease the coupling, but the stronger acceptor characteristics of TP with respect to
BT appear in an So-S; absorption band located at smaller photon energy with respect to the
other copolymer with spacers, PCPDT-2TBT. Table 5.1 shows measured values for the
energy levels of HOMO and LUMO of the respective materials, measured by ultraviolet
photoelectron spectroscopy [198]. It demonstrates the influence of electronic coupling and
electronegativity of the acceptor upon the energy levels of the LUMO and the resulting
optical bandgap. Even the energetic position of the HOMO is influenced by electronic
coupling, although it is expected to be mainly determined by the HOMO level of the donor
unit [197], which is identical for all four copolymers.

PCPDT-BDT PCPDT-BT PCPDT-2TTP PCPDT-2TBT
Eiumo (EV) -3.89 -3.57 -3.7 -3.17
EHOMO (EV) -4.89 -5.3 -5.3 -5.15

Table 5.1: LUMO (E_umo) and HOMO (Enowmo) energy values versus the vacuum energy level

for the studied materials, measured by ultraviolet photoelectron spectroscopy.

It is not devious to assume that a varying chemical structure, governing the neutral state
absortption, as shown in Figure 5.6, also has a certain influence on the absorption spectra of
the charged species of different donor-acceptor copolymers. For a closer investigation the
absorption spectra of cations and anions for the four studied polymers have been investigated
in more detail. The spectral position and shape of the hole polaron absorption bands in the
infrared have been obtained for all copolymers by chemical doping with the oxidizing dopant
SbCls (compare section 4.3.1). In addition, further quantum-chemical calculations have been
performed [44,99,181]. Figure 5.7 shows the corresponding dopant induced variation in the
optical density, measured by successively adding small amounts of SbCls (1 - 4% wt) to the
respective polymers. As expected from the measurements shown in section 5.2.2, a recurrent

feature in all spectra is the two polaron absorption bands P; and P,. On the high-energy side,
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all the 40D spectra exhibit a ground-state bleaching (GB), i.e. a negative absorption change,
matching the correspondent absorption profiles of the neutral molecules as commented above
in Figure 5.6. For PCPDT-BT, PCPDT-2TBT and P3HT, an additional shoulder due to EA
can be found at the onset due to electro-absorption features appearing as absorption peaks or
shoulders on the blue side of the P; bands [96,188]. These measurements do not only reveal
the spectral position of the respective polaron absorption but can further be used for a
quantitative analysis of the cation absorption cross section, as will be explained in detail in the
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Figure 5.7: Hole-polaron absorption spectra measured by doping the polymers with small
amounts of SbCls (1 — 4% wt), solved in ODCB. Chemically induced differential absorption
for the donor-acceptor polymers a) PCPDT-BDT, b) PCPDT-BT, ¢) PCPDT-2TBT, d)
PCPDT-2TTP and e) the homopolymer RR-P3HT. A linear increase of the ground state
bleaching (GB) at the short wavelength side and the prominent polaron absorption bands (P

and Py) in the infrared region can be observed.
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Because of the lacking possibility to reliably measure the absorption spectrum of anions in
these materials, as detailed in sections 4.3.2 and 4.3.3, quantum chemical calculations for the
absorption spectra of polarons of both polarities have been performed. To reveal the influence
of the chemical structure on cation and anion absortion, a more simplfied approach [44] has
been chosen. Its lower computational effort allowed to compare a larger number of different
materials. For more details on this simplified theoretical approach, the reader is referred to
section 4.3.4.For a direct comparison between the different polymers, we focused on chains of
similar physical lengths, namely featuring four repeating units for PCPDT-BDT and PCPDT-
BT and three units in the case of PCPDT-2TTP and PCPDT-2TBT. These oligomers seem to
be long enough to mimic the photo-physical behavior of the corresponding copolymers. This
length restriction leads to a significant blue-shift between experimentally and theoretically
obtained spectra and is expected to be similar for each of the studied materials. Hence it will
not be regarded as critical for this specific comparison. The resulting cation and anion spectra
for the four studied oligomers are presented in Figure 5.8. Their unique combination of
acceptor electron affinity and spatial donor-acceptor separation are schematically indicated as
insets in the respective panels. Availability of retrieved polaron spectra for PCPDT-BT with
the Hartree-Fock method as well as with the previously explained more detailed TD-DFT
calculations allows a comparison of the results of both techniques and to judge on their
reliability. It is worth mentioning, that both calculations show qualitatively the same result
and good agreement between the retrieved spectra. Both methods predict similar spectral
shapes for the P; band and a red-shifted P, absorption for the anion. It could be well
reproduced, that for the PCPDT-BT cation the P, band originates mainly in intra-band
electronic transitions from doubly occupied below-gap levels to the polaronic level, and the
P, band involves comparable contributions from intra- and inter-band transitions. A similar
distribution of transitions could again be found for the anion, confirming one major intra-band
transition for P, and several different transitions contributing to P;. For very low bandgap
copolymers such as PCPDT-BDT as shown in Figure 5.8 a), the P, band of the positive
polaron mainly involves electronic transitions from the polaronic level to the unoccupied
levels while transitions from the occupied levels to the polaronic level mostly contribute to P;.
The assignment of the polaronic bands is therefore swapped in comparison to PCPDT-BT, as
a result of the strong electron acceptor character of BDT [44]. Indeed, for PCPDT-BDT, the
HOMO-LUMO bandgap is so small that when a positive or negative excess charge is added,

the resulting polaronic level gets closer in energy to the LUMO or HOMO level than to the
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doubly occupied or unoccupied levels, respectively. In this way, the energetic order of intra-

and inter-band transitions is swapped.
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Figure 5.8: Computed absorption spectra for neutral (red), positively charged (green) and
negatively charged (blue) short oligomers sharing the chemical structure with a) PCPDT-
BDT, b) PCPDT-BT, ¢) PCPDT-2TTP, d) PCPDT-2TBT. Electronic coupling between donor
and acceptor is governed by the acceptor electronegativity (symbolized by yellow and red
colors) and the donor-acceptor separation, as indicated by the inset for each material. This

interaction has a large impact on the appearance of polaron absorption.

When using thiophene spacers between the donor and acceptor units, as they are present in
PCPDT-2TTP and PCPDT-2TBT in Figure 5.8 ¢) and d), the donor-acceptor character of the
copolymer is reduced. This reduced donor-acceptor character and electronic coupling leads
again to a similar behavior as PCPDT-BT, although an acceptor with a stronger
electronegativity might be involved.

Overall, the optical absorption spectra computed for positive and negative polarons in the four
copolymers closely resemble each other. There are, however, slight differences that can be
traced back to the corresponding charge distributions. As expected, they show that the excess
charge is manly confined over the donor / acceptor moieties for the cations / anions. For
PCPDT-BDT, having the strongest donor-acceptor character, the positive and negative charge
is almost exclusively (> 75%) localized on three donor or acceptor units, respectively. It is
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straight forward to explain this as a consequence of the large difference in the ionization
potential and electron affinity between the two moieties. Thus, in this case, a very similar
confinement in the polaronic levels is predicted that in turn leads to very similar optical
absorption spectra for excess and lacking electrons. Due to the large discrepancy in electron
affinity and the very similar spatial extension of the donating CPDT and the accepting BDT
unit, the wave functions of electron and hole show similar confinement, and thus similar
absorption spectra are expected. Almost complete charge localization over the electron-
donating (> 80%) and, to a lesser extent, electron-withdrawing (>55%) units takes place in
PCPDT-2TTP and PCPDT-2TBT when merging the charge distributions computed for the
PCPDT units and the neighboring thiophene rings. There, the increased delocalization of the
positive charge over the PCPDT-2T segments Yyields increased absorption cross sections for
the positive polaron (compare Table 5.3). In PCPDT-BT, the excess positive (negative)
charge is mostly confined (>65%) over the PCPDT (BT) units. However, because of the
strong electronic coupling compared to the energy mismatch between the frontier energy
levels for this donor-acceptor combination, the positive charge partly leaks out over the
neighboring BT units. A similar yet smaller effect is observed for the negative charge. As a
result, an electron-hole asymmetry is also in this copolymer, although less pronounced than
for the copolymers incorporating thiophene rings [44,45].

For a correct qualitative interpretation of spectroscopic measurements the previously provided
information about origin and spectral shape of polaron absorption bands is sufficient. In order
to extend the extraction of information of those measurements to a quantitative level, detailed
knowledge of relevant material properties, i.e. the molecular absorption coefficient and the
absorption cross section, for the investigated absorption band is required. Next section will
focus on retrieving these important parameters for the four investigated copolymers and allow

a further quantitative analysis of polaron pair formation in these systems.

5.2.4. Absorption cross section of polaron pairs

Quantitative evaluation of spectroscopic measurements allows retrieving a much higher level
of information about the studied system than pure qualitative evaluation. However, for
achieving measurement data, providing reliable quantitative information, a high level of
experimental accuracy and a meticulous record of all device and system parameters are
required. In addition, material parameters, like molar extinction coefficient or the absorption
coefficient, are required, which are in most cases unknown for novel material systems like
most donor-acceptor copolymers.
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One goal of this work is, to achieve a deep understanding of polaron pair formation in low-
bandgap polymers, as discussed in detail in the following chapter. For this purpose,
quantitative measurements are a precious tool for comparing the polaron pair formation
efficiency of different materials and to retrieve the influencing factors governing their yield.
To do so, this section will focus on the determination of the absorption cross section of the
polaron absorption bands in these materials. As already discussed in the previous section, the
successive doping of polymers in solution with a small and controlled amount of a strong
oxidant leads to stepwise ionization of the polymer. This is going along with the occurrence
of their respective polaron absorption bands in the differential absorption spectrum, as shown
in Figure 5.7. For details about the experimental procedure the reader is referred to section
4.3.1. All four studied copolymers and the homopolymers P3HT show a linear increase of
their spectral features occurring with ionization, up to a doping ratio of 4% of the dopant with
respect to the weight of the polymer solved in the solution. This linearity is maintained for all
observed spectral features, i.e. ground state bleaching (GB) and the polaron absorption bands
P, and P,. Above a doping ratio of 5% the signal increase drops below linearity which
indicates a set in of saturation effects. Staying in the linear regime and assuming that one
cation is formed for each added dopant molecule, allows to calculate the absorption cross
section of each position of the differential spectrum, including the polaron absorption bands.

To do so, we use Lambert-Beer’s law,
I = le=® (5.1)

describing the transmitted light intensity I, which remains from the initial intensity I, after
suffering from absorption losses during the propagation through the sample. Hereby, «
denotes the absorption coefficient of the transmitting object and x its thickness. This is related

to the material specific molar absorption coefficient ¢ by
I
Iy
In detail, it relates the measured optical density of the polaron absorption signal ODpgjaron at a

logyo ( ) = —oax = €(Aprope) * CDopant *X = ODpoiaron(Aprobe) (5.2)

suitable detection wavelength Aprone With the material parameter we are interested in, i.e. the
molar absorption coefficient . Thus, the latter can be determined by measuring the optical
density for a known concentration of polarons Cpgpant (given by the controlled doping
concentration) and the known sample thickness x. The macroscopic material property ¢ is

given by
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OD(Aprobe)
S(AProbe) = Cp Pr:.(; (5'3)
opan

which relates to the microscopic polaron (cation) absorption cross section opojaron as depicted
in Equation (5.4).

g(/lProbe) OD(AProbe) (5.4)

O-Polaron(/lProbe) = ln(lO) ’ N—A = ln(lO) ’ CDopant XN,

Consequently the cation absorption cross section depends on the fraction of the measured
differential absorption signal at a chosen wavelength to the related dopant concentration. This
fraction can be retrieved for each polymer from the doping measurements, shown in Figure

5.3. Furthermore, it depends on the sample thickness x and the Avogadro constant Na.
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Figure 5.9: Chemically induced AOD value of the chosen polaron absorption band for all

studied copolymers and P3HT, versus the concentration of added dopant. Each measurement

point corresponds to the signal amplitude at the respective wavelength in the curves shown in

Figure 5.7. The wavelengths have been chosen close to the maximum of the polaron band,

which is accessible to an ultrafast spectroscopic investigation.

Figure 5.9 shows a plot of the 40D amplitude of cation absorption, taken from the curves

plotted in Figure 5.3, versus the related doping concentration for each polymer. Each percent
of dopant corresponds to a concentration of 5.02 - 10710 %031 for the chosen concentration of

polymer solution, as explained in detail in section 4.3.1. The wavelength for determining the
absorption cross section of each polymer has been chosen close to the maximum of the
respective polaron absorption band, which will be used as a suitable probe wavelength for the

detection of polaron pairs with ultrafast femtosecond spectroscopic methods.
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The fraction of 40D versus the doping concentration can be retrieved as the inclination of the
straight lines in Figure 5.9. Furthermore, this plot is a clear proof that the conducted
experiments with doping ratios up to 4% are still in the linear regime and no saturation effects
are present. Table 5.2 summarizes the retrieved data on the absorptivity of cations of the

respective copolymers and P3HT.

Polymer Aprobe (M) | € (cm?/mol) Gcation (€M)
PCPDT-BDT 1.8 (5.5+ 0.1)-10’ (2.11+ 0.04)-10"°
PCPDT-BT 3 (4.0 +£0.1)-10’ (1.52 £ 0.02)-10
PCPDT-2TTP 3 (3.5+ 0.1)-10’ (1.36% 0.03)-10°
PCPDT-2TBT 0.9 (2.6 +£0.2)-10’ (9.8+0.6)-10"
RR- P3HT 3 (9.7+ 0.7)-10° (3.7£0.3)-10"

Table 5.2: Summary of retrieved data on the polaron absorptivity of all four studied donor-
acceptor copolymers and P3HT. The molar absorption coefficient ¢ and the absorption cross

section for the cations, ocation, at the wavelength of interest Aprone are shown.

Absorption cross section ocaiion and the molar absorption coefficient ¢ have been retrieved by
doping measurements and calculations as discussed above. For the cation absorption cross
section of P3HT several values can be found in literature [13,199-202], ranging from 5-10"
to 1-10™. The wide spread estimates clearly demonstrate the difficulty of measuring these
values in a reliable fashion. All of these values, which can be found in literature so far, aimed
for the absorption cross section of P; for P3HT in the NIR, for instance at 850 nm as
mentioned in reference [200]. The experiments in this work aim for measurements further in
the IR spectral region, the absorption cross section has been evaluated at appropriate
wavelengths, as shown in Table 5.2. Regarding the weaker oscillator strength of P, compared
to P4, the lower measured value for the absorption cross section than those found in literature
is not unexpected and is regarded as a good indication for the reliability of the performed
measurements.

Together with the theoretical comparison of cation and anion absorption spectra, which is
discussed in section 5.2.3, an estimate of the absorption cross section of the related anion is

possible and given in the following.
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Table 5.3 depticts the intensites of polaron bands obtained by the combined oscillator

strengths for transitions located in a close vicinity (= 0.2 eV) to P1 or Pa.

Polymer Polaron band | Ication | Anion
PCPDT-BDT P1 3.05 She
PCPDT-BT P, 0.47 0.65
PCPDT-2TTP P2 0.38 0.1
PCPDT-2TBT P1 2.63 1.8
RR- P3HT P, 1 1

Table 5.3: Relative absorption strengths of cations and anions. The values have been
obtained from the calculated polaron absorption spectra shown in Figure 5.8. The relative
intensities of polaron bands are retrieved by the combined oscillator strengths for transitions
in close vicinity to the related band P, or P,. For the reasons commented above, the polaron

absorption of the homopolymers P3HT is supposed to exhibit electron-hole symmetry.

The fraction of these values gives a scaling factor for the absorption strength of the anion
compared to the cation for each polymer and consequently allows obtaining the absorption
cross section for anions and polaron pairs as depicted in equations (5.5) and (5.6) [44].

IAni
O-Anion(/lProbe) === O-Cation(/lProbe) (5'5)
Cation
IAni
Opp (AProbe) = O-Cation(AProbe) + O-Anion(/lProbe) = (1 + . nlon) ’ O-Cation(/lProbe)- (56)
ation

As explained in section 2.4.4, the absorption cross section of polaron pairs can be regarded as
the sum of their constituents, because of negligible interaction between them [47].

Altogether, this experimental and theoretical approach allows to estimate the absorption cross
section of cations, anions and polaron pairs. This precious information will help retrieving
quantitative information from spectroscopic measurements. Using this benefit, the following
chapters will focus on the formation yield of polaron pairs upon photoexcitation of low-
bandgap polymers and investigate the influences of their chemical structure and the role of

excess excitation energy.
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5.3. Chapter summary

In Chapter 5 we investigated the spectroscopic signatures of excited states in organic
materials, whose detailed knowledge is of utmost importance for the evaluation and
interpretation of spectroscopic measurements on an ultrafast timescale. The formation and
decay of excitons can be observed by measuring the stimulated emission (SE), occurring via
radiative decay of an exciton from excited state S; to the ground state So. In addition, the
presence of an excitonic absorption band (EX) proves their existence, which occurs due to
further excitation from S; to S, (n = 2, 3,...) by absorption of a photon. These excitonic
features are similar in their nature for many homo- and copolymers, although their energetic
position might be shifted according to the position of the ground state energy levels.

Polarons and polaron pairs show unique spectral absorption bands P; and P,, which are
located in the NIR and MIR spectral region. For homopolymers, P; and P, originate in an
inter- and intra-band transition, respectively, which are very similar for excess positive
(cations) and negative (anions) charges, due to symmetry of the contributing orbitals above
and below the bandgap (electron and hole). By using different theoretical methods, we found
this symmetry to be broken in donor acceptor copolymers because of the different orbitals
being involved for charges of different sign. In this case, for both polaron absorption bands,
intra- and inter-band transitions are involved, requiring a more sophisticated interpretation
than homopolymers. A large number of various contributing orbitals breaks the electron hole
symmetry and leads to absorption bands which occur in different shape and strength for
cations and anions. Structural correlations of the copolymers exhibit a strong influence on the
wave function overlap, governing the broken symmetry for polarons of different polarity. The
calculated absorption spectra of cations and anions of four studied copolymers PCPDT-BDT,
PCPDT-BT, PCPDT-2TTP and PCPDT-2TBT together with their experimentally retrieved
cation absorptions, allowed to retrieve values for the polaron pair absorption cross section.
This knowledge permits a detailed quantitative evaluation of the polaron formation vyield,
measured in ultrafast spectroscopic measurements, what will be discussed in the following

chapter.
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6. Enhanced polaron pair formation in donor-

acceptor copolymers

The unique optical and electronic properties of organic semiconductors often originate from a
tailored chemical structure. This allows directed optimization of conjugated macromolecules
towards desired properties for organic electronics. As discussed in section 3.3, donor-acceptor
copolymers are the result of an optimization towards an enhanced absorption in the red and
NIR spectral region. The low bandgap offers optimum harvesting of sunlight and has inspired
work towards record power conversion efficiencies [123,155]. It is straight forward to
assume, that the alternating donor-acceptor structure along the polymer backbone not only
affects light absorption, but also has a large impact on the formation and characteristics of
photoexcitations. In this chapter, the formation yield of weakly bound polaron pairs is

described with special focus on the influences of the material’s chemical structure.

6.1. Intrinsic polaron pair formation in pristine polymer

films

Although the power conversion efficiency of organic solar cells has been demonstrated to
depend on a number of different factors, such as morphology of the blend-film [203], carrier
mobility [204], and device architecture [205], the first fundamental processes remain photon
absorption by a chromophore and electron-hole pair dissociation, as described in detail in
section 2.4. While light absorption has been largely improved towards the near infrared (NIR)
spectral region by the introduction of low-bandgap copolymers [18,19], its influence on
exciton dissociation remains largely unexplored. So far, the charge dissociation process has
been mainly investigated in homopolymers [6,10-12]. Those results cannot be fully applied to
copolymers due to their very different chemical structure.

The basic model considers light absorption to generate strongly bound Frenkel excitons
(binding energy > 0.5 eV), which then dissociate primarily at the interface with the fullerene
in photovoltaic blends [128,206]. There, the large energy offset (> 0.5 eV) between the

LUMOs of polymer and fullerene (compare Figure 3.5) drives exciton dissociation and charge
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separation. This might possibly be gated by the formation of hot delocalized states [12]. Thus,
charge dissociation is supposed to occur only after diffusion of the excitons in the polymer.
However, several experimental and theoretical studies suggested that the primary
photoexcitations in pristine conjugated polymers are not only excitons, but also polaron-pairs
[16,17,207]. The latter ones have been reported to play a significant role in photovoltaic
action and are envisaged to be as important as excitons, provided their yield is substantial
[200,208,209]. These and other optical investigations were focused on the dynamics of
excitons [210] or charge separated states when the polymer is mixed with the fullerene [211-
214]. The question, of what the polaron pair generation-yield in pristine donor-acceptor
copolymers actually is, remains largely unanswered, while being strongly relevant for the
understanding and improvement of these materials toward their application in solar cells. For
example, the previously disregarded contribution of polaron pairs, forming directly in the
polymer may lead to the discrepancies between theoretically predicted solar cell efficiencies,
based on Onsager-Braun models, and the higher measured values [10,204].

Also in homopolymers like P3HT, a small percentage of the formed photoexcitations results
in polaron pairs. In the case of homopolymers, the branching ratio of charged polaron pairs to
neutral excitons depends significantly on energetic disorder in the system. This can be either
due to the presence of different aggregates of polymer chains, providing energetic disorder
between microcrystalline structures [13,188], or directly due to an interface between
amorphous and crystalline domains [57]. Nevertheless, the values for the branching ratio in
P3HT found in literature vary strongly [13,188,207,215], from < 1% up to 30%. This does not
allow to draw a consistent picture of the charge carrier formation mechanism and the
influencing factors. This confusion is further promoted by the vast range of values for the
absorption cross sections of polarons found in literature, as already discussed in section 5.2.4.
The combination of different experimental and theoretical efforts allows to reliably measure
the polaron pair formation yield. In this work we present the results for several different
copolymers together with quantitative numbers. It will be demonstrated in the following
sections, in how far the inherent energetic disorder, provoked by the alternating structure of
donor and acceptor moieties along the backbone of copolymers, has an influence on the
formation of polaron pairs. This knowledge might be helpful for a precise optimization of
such materials towards higher polaron pair yields. As a consequence, it might result in an
increase of photovoltaic efficiency when extracting polaron pairs instead of the remaining

strongly bound excitons.
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6.2. Exciton to polaron pair branching ratio

Since the goal of any photovoltaic device is the extraction of separated charge carriers, their
formation upon light absorption remains one of the most interesting and relevant topics to the
photovoltaic research community. Due to the novelty of donor-acceptor materials, the
photophysical behavior of donor-acceptor copolymers is still mainly unexplored. In this
section we discuss the formation yield of weakly bound polaron pairs in pristine thin films of
donor-acceptor copolymers without addition of any electron accepting material. As an
excellent tool for studies of this kind, a femtosecond pump-probe setup has been used,
providing ultrashort excitation pulses at 800 nm or 400 nm and probe pulses tunable in the
NIR and MIR. This allows to address the polaron absorption bands P, and P,. While for P; a
spectral overlap with other spectral signatures, such as stimulated emission, is possible, the P
absorption band allows a direct detection of polaronic excitations without interference of any
other species. Figure 6.1 shows the retrieved optically induced differential absorption 40D
(blue dots) at zero-delay after optical excitation at 800 nm for PCPDT-BDT, PCPDT-BT and
PCPDT-2TTP in panels a)-c) and for PCPDT-2TBT after excitation with 660 in panel d).

An overlay of the chemically induced 40D (solid lines) of the corresponding cations, as
described in section 5.2, shows good agreement of the spectral shape of the optical and
chemical measurements. It is a direct proof that upon light absorption not only strongly bound
neutral excitons, but also weakly bound polaron pairs are formed. Both species are already
present after 150 fs, which is the temporal resolution of the setup. More details on their
formation, especially whether excitons are a preceding state prior to their formation, may not
be given due to the limited temporal resolution of the pump-probe setup (ca. 150 fs, compare
experimental section).

One further spectroscopic signature, being exclusively available after optical excitation, is the

absorption band of neutral exctions (EX). Its origin is explained in section 5.1.
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Figure 6.1: Optically induced AOD (blue dots) of a) PCPDT-BDT, b) PCPDT-BT, c)
PCPDT-2TTP, d) PCPDT-2TBT. The latter has been excited at a wavelength of 660 nm, all
other copolymers at 800 nm. The optically induced AOD at zero time-delay is in good

agreement with the AOD of chemical induced cations, proving the ultrafast formation of

polaron pairs upon photoexcitation. As an additional feature in the case of optical excitation,

the absorption band of neutral excitons (EX) can be seen. Vertical red dotted lines mark the

wavelengths used for a further quantitative analysis.

The differential absorption signal retrieved with optical excitation obviously leads to the

formation of both excitons and polaron pairs at an ultrafast timescale with a polaron pair yield

n, while upon chemical ionization no excited states are formed. A simplified physical picture

of the two alternative formation and decay paths is given in Figure 6.2.
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Figure 6.2: lllustration of the formation of photoexcited states in chromophores of donor-
acceptor copolymers. Upon photon absorption, within 150 fs, either a strongly bound neutral
exciton (orange) is formed with a yield 1-n or a weakly bound polaron pair (green and blue)
with yield n. Both species might be of delocalized nature, undergoing localization after
photogeneration. Polaron pairs show recombination dynamics different from those of neutral

excitons. D and A indicate the donor and acceptor segments along the copolymer backbone.

After absorption of a photon, a polaron pair, consisting of an electron- and hole-polaron, is
formed on the chain with a yield #. Their nature might be localized or delocalized. After
subsequent localization of the two constituents, they recombine to the ground state with a
lifetime of tpp, Which is characteristic for each material. The larger part of photoexcitations,
with the complementary yield of 1-7, results in the formation of neutral excitons, which are
delocalized over the whole chromophore. After localization, they decay with lifetime of g,
which is typically distinct to the lifetime of polaron pairs zpp. Different lifetimes are a clear
proof for the distinct character of these two species. The formation of both, excitons and
polaron pairs within the temporal resolution of the setup is consistent with the picture drawn
from previous studies on homopolymers [15,188]. However, a more precise statement on the
nature of the primary photoexcitations, that is, whether excitons decay into polaron pairs or
the latter are the primary photoexcitations, would require a time resolution well below 100 fs.
For the sake of clarity, in Figure 6.3 a) - ¢) normalized A7/T spectra of PCPDT-BDT,
PCPDT-BT and PCPDT-2TTP are plotted. A clear homogeneous decay of the polaron
absorption is observed at several time-delay steps, without any recognizable spectral shift.
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Due to technical limitations this measurement could not be conducted for the copolymer
PCPDT-2TBT. In the insets of Figure 6.3 b) and c), the decay dynamics of P, and EX are
plotted for the respective copolymer. The polaron pairs clearly show longer decay dynamics
than the excitons, proving the different nature of both species. A similar comparison for
PCPDT-BDT could not be addressed, because the EX absorption band was not accessible in

the spectral detection window of the setups.
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Figure 6.3: Temporal evolution of the AT/T spectra for a) PCPDT-BDT, b) PCPDT-BT and
c) PCPDT-2TTP. The spectrum is plotted for several discrete time-delay steps during the
decay of the photoexcitations. The decay dynamics plotted in the insets in panel b) and c)
demonstrate different decay dynamics of polaron pairs and excitons in the respective

materials.

This technique, together with the absorption cross section of the corresponding polaron bands,
delivers a quantitative way to evaluate the polaron pair formation yield » of our four
investigated copolymers and P3HT.

The ratio of polaron pairs among the generated photoexcitations is determined in a
quantitative fashion. For this, it is of utmost importance to carefully measure the incident
excitation laser pulse energy lexitation @and the optical densitiy of the thin polymer film
ODsample- Assuming that every absorbed photon generates one photoexcitation in the polymer,

allows to calculate the number of formed photoexcitations, Nexcitations, Y
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— IExcitation . (1 _ 10(—0D5ample(lpump))) (6.1)
hwpymp

Ngxcitations
where Apump and wpump are wavelength and frequency of the excitation pulse, respectively.
Suitable choice of the probe wavelength Aprope, ClOSe to a maximum of a polaron absorption
band with no interfering spectral signature of any other species, allows to retrieve a
differential absorption signal A7/T, originating exclusively from the absorption of polaron
pairs. Together with the related polaron pair absorption cross section, opp, as it has been
derived in section 5.2.4, the number of generated polaron pairs can be determined for every
time delay z. The maximum signal at zero-delay between pump and probe pulse, as it can be

retrieved from Figure 6.4, leads to the number of polaron pairs formed by the excitation pulse

1 AT (7o A
NPP - . loglo (1 — M)_ (62)
Opp (AProbe) T
Finally, we can evaluate the polaron pair formation yield #, also called branching ratio, as:
N
n = Y i (6.3)
NExcitations

Figure 6.4 shows the formation yield in %, normalized by the number of photoexcitations, and
the decay of polaron pairs on an ultrafast timescale. The respective excitation wavelength has
been chosen to be 800 nm for PCPDT-BDT, PCPDT-BT and PCPDT-2TBT in panels a) - c),
660 nm for PCPDT-2TBT in panel d) and 400 nm for the homopolymer P3HT, shown in
panel €). An overview of the probe wavelengths together with the related absorption cross
section is given in Table 5.2, and is also indicated in the respective spectrum (dotted red line
in Figure 6.1, not shown for P3HT). For P3HT an excitation wavelength of 400 nm and a
probe wavelength of 3000 nm have been chosen. This is a convenient wavelength for probing

P, as obvious from Figure 5.3.
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Figure 6.4: Time traces of polaron pair generation, directly after photoexcitation, for the
copolymers a) PCPDT-BDT, b) PCPDT-BT, ¢) PCPDT-2TTP, d) PCPDT-2TBT and the
homopolymer e) P3HT. Their respective polaron pair generation yields, given in the same
order, are n = 24% (£1%), 20% (x1%), 23% (£2%), 15% (+1.5%) and 8% (£2%). The insets
illustrate the variations in the polymer repeating units in terms of donor-acceptor centre of
mass distance (arrows) and acceptor strength (colour coded yellow to red). The inset in b)
shows the pump-probe instrument response function (IRF) for 800 nm pump and 3000 nm

probe. Solid lines are fit to the data points which are shown as squares.

While for the homopolymer P3HT a polaron pair formation yield of 8% (£2%) at zero-delay

between pump and probe pulse 7o was measured, for the studied copolymers significantly
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higher yields of 24% (+1%) for PCPDT-BDT, 20% (x1%) for PCPDT-BT, 23% (+2%) for
PCPDT-2TTP and 15% (+1.5%) for PCPDT-2TBT were found. This is up to a factor of three
higher than for P3HT. For comparison, for a PCPDT-2TBT:PCBM blend (1:1) a polaron
yield of 48 % was measured. In a blend with PCBM only cations are present on the polymer
molecules, while electrons are transferred to PCBM molecules with an efficiency of almost
100% [123]. Consequently, a maximum yield of polaron signal of 50 % is possible and a
value close to it is expected. The found yield of 48 % underlines the reliability of the chosen
method for the determination of the polaron pair yield. In contrast to time-averaging
experimental methods, this ultrafast spectroscopic technique allows to obtain information
about the maximum vyield independent of the species’ lifetime. Thus it provides separate
information about yield and recombination dynamics. It is worth to mention, that all polaron
absorption signals rise within the limited temporal resolution of the pump-probe setup, which
is ca. 150 fs (FWHM), as shown by the instrument response function (IRF) in panel b). These
measurements show, that photoexcitations in donor-acceptor copolymers exhibit a higher
percentage of weakly bound polaron pairs, with respect to P3HT. Due to their reduced
binding energy, compared to strongly bound neutral excitons, their extraction from blends
with suitable acceptor materials might result in a lower voltage loss than extraction of
excitons. This could lead to higher efficiencies for polymer solar cells. Further, these
measurements reveal significant differences in the polaron pair formation yield and lifetime
between the four studied copolymers. An overview over these differences is given in the next

section, with a strong focus on the influencing structural parameters.

6.3. Structural correlations in the generation of polaron

pairs

In this section, we present a systematic study of the yield and decay dynamics of polaron pairs
in the four studied donor-acceptor copolymers. Our special interest is to understand how the
chemical structure influences the parameters, critical for photovoltaic. The four copolymers
share the same CPDT donor units but vary in their acceptor units and/or are provided with
additional thiophene spacers, as explained in detail in section 5.2.3. This is an excellent set of
materials to investigate the influences of acceptor electron affinity and spatial extension on

polaron pair formation. Both parameters strongly influence the electronic coupling and the
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formation of new energy levels (compare section 3.3). The model system P3HT has been
chosen for comparability, to place the results of this investigation in a context of
photovoltaics.

Ultrafast spectroscopic studies, exciting the materials close to the optical bandgap and probing
a polaron absorption band at a suitable IR wavelength, allowed to retrieve the polaron pair
formation yield on a femtosecond timescale, as shown in Figure 6.4, and explained in section
6.2. The decay dynamics of the polaron pair signals on a longer time scale reveal significant
differences in the recombination dynamics of polaron pairs in the different copolymers. In
Figure 6.5, the long time scale decay dynamics of PCPDT-BDT (black squares), PCPDT-BT
(red dots), PCPDT-2TTP (blue triangles) and PCPDT-2TBT (green triangles) are plotted on a
logarithmic scale, together with the best fitting bi-exponential decays curves.

normalized -AT/T

= BDT e BT a4 2TTP v 2TBT ‘
L] s 1 s 1 s 1 s 1 s

0,01

0 10 20 30 40 50 60

Time delay (ps)
Figure 6.5: Recombination dynamics of polaron pairs on a 60 ps timescale of a) PCPDT-
BDT (black squares), b) PCPDT-BT (red dots), ¢) PCPDT-2TBT (blue triangles) and d)
PCPDT-2TBT (green triangles). Excitation and probe wavelengths are the same as for the
measurements of Figure 6.4. Solid lines of the respective color show best fitting curves for the

data points, assuming a bi-exponential decay. All parameters are given in Table 6.1.

The fitting parameters together with the polaron pair yield and the chemical structure
properties are summarized in Table 6.1. Hereby, A, and z, denote the amplitudes and decay
times of the bi-exponential decay, respectively, and y, the residual long-living signal strength.
The summary in Table 6.1 allows a comprehensive interpretation of the optoelectronic
response after photoexcitation and a comparison between these materials with a varying
chemical structure. In all cases, the rise time follows the response time of our setup at the

different pump and probe wavelengths. Low-bandgap copolymers with strong electronegative
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acceptors, such as PCPDT-BDT and PCPDT-2TTP (Figure 6.4 a) and c)), exhibit the largest

probability of polaron pair generation after photoexcitation, with 24% and 23%, respectively.

Acceptor | Struct. |n (%) Al 71 (pS) A2 T2 (ps) Yo
BDT DB (24+1 |0.71+0,06 |0.4+0.1 0.19+0.04 |34+2.0 |0.07£0.03
BT D-A [20+x1 |04%0.05 [3.7+1.0 0.55+0.04 |325+4.7|0.09 £0.02

2TTP D--B |23+2 [0.45+0.05|25+05 0.54+0.04 |16.7+1.3(0.15+£0.01

2TBT D---A |15+15|048+0.06 6514 0.41+0.04 |[57+18 |0.14+0.04

Table 6.1: Summary of the polaron pair formation yield n and the fitting parameters from the
best fitting bi-exponential curves shown in Figure 6.5. Further, the acceptor unit and a
simplified indication of the material’s structural properties is given. All dynamics consist in
an initial rapid decay and a longer decay. They differ for the different copolymers by more
than one order of magnitude.

In contrast, PCPDT-BT and PCPDT-2TBT with weaker acceptor units exhibit smaller yields
of 20% and 15%, respectively. The influence of thiophene spacers between donor and
acceptor can be directly seen when comparing PCPDT-BT and PCPDT-2TBT, because they
share identical acceptor units. The spatial separation between the donor and acceptor centre of
mass leads to a drop of the formation yield from 20% to 15%. Interestingly, also the dynamics
of the recombination process differ and can be addressed to some extent to acceptor strength
and its separation from the donor. Polymers including thiophene spacers exhibit a longer
initial recombination time about 2.5 and 6.5 ps for PCPDT-2TTP and -2TBT, respectively. In
contrast the copolymers without spacers show a faster recombination decay of 0.41 and 3.7 ps
for PCPDT-BDT and -BT, respectively. The same trend is continued in the decay times of the
slower decay components, which is only 3.4 and 32.5 ps for -BDT and -BT, respectively, but
increases to 16.7 and 57 ps for -2TTP and -2TBT.

Acceptor strength has an even stronger effect on yield and lifetime of polaron pairs. We
compare copolymers within each category, i.e. with and without thiophene spacers. It shows
that the recombination lifetime is strongly dependent on the electron affinity of the acceptor.
For instance, PCPDT-2TTP and PCPDT-BDT, which incorporate very strong acceptors, show
faster recombination times compared to PCPDT-2TBT and PCPDT-BT with weaker
acceptors. The more pronounced shortening of initial rapid and long decay times for stronger

electron acceptors than when removing the spacers, leads to the conclusion, that the electron
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affinity has a higher influence on yield and lifetime than the effect of the spacers.
Furthermore, the signal from polaron pairs in P3HT (Figure 6.4 e), monitored at 3000 nm
equivalent to reference [216]), exhibits the lowest yield among the investigated materials. The
measured yield of 8% (£2%) is comparable to values obtained with complementary
techniques [217,218]. This last comparison supports the reasoning that donor and acceptor
moieties within the polymer backbone are promoting charge separation and polaron pair
formation [44], whereas in homopolymers, such as P3HT, charge separation is less probable
and probably driven by energetic disorder between different polymer chromophores [57,58].
In summary, the obtained results demonstrate that copolymers with strong accepting units
show a higher formation yield and a shorter lifetime of polaron pairs, than copolymers with
moderate acceptors. In addition, the presence of thiophene spacers, which further separates
the donor and acceptor centers, reduces the polaron pair yield but significantly increases their
lifetime. The influence of acceptor strength is found to be larger than the effect of adding a
thiophene spacer between donor and acceptor.

These results emphasize, that the geometric structure plays a key role for the evolution of
potoexctiations in such systems [44]. This has been the topic of a further recent theoretical
investigation [219]. Effects of chain conformation and mesoscopic morphology typically have
a strong influence on the delayed formation of interchain polaron pairs [216]. Light
absorption in a chromophore results in a photoexcitation with a Coulomb-bound electron-hole
pair, which is delocalized over several repeating units [220] (compare section 2.4.3). Such a
neutral photoexcitation is expected to ionize more efficiently into localized polaron pairs, if it
can experience sites with imbalanced electronegativity, otherwise it localizes as an exciton. In
donor—acceptor-conjugated co-polymers, sites with different electron affinity are distributed
in an alternating fashion along the whole polymer chain and, potentially, each one can act as a
localization site for an electron or a hole. Thus, a large difference in electron affinity between
the donor and acceptor allows not only to obtain low bandgaps, as discussed in Figure 5.6 a) —
d), but enhances also the formation yield of polaron pairs in copolymers, as shown in Figure
6.4 a) — d). This is demonstrated by PCPDT-BDT and PCPDT-2TTP, which both show high
yields with a difference in » within our estimation errors. However, a noticeable decrease of
the yield of about a factor of 1.3 is rather observed when, comparing copolymers with the
same acceptor and with/without spacers. On one hand, this observation indicates that a
smaller separation of donor and acceptor is beneficial for the formation of a polaron pair from
the initial photoexcitation. Most likely this is due to a larger probability of the initial exciton

to experience a localizing site.
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On the other hand, donor-acceptor copolymers with closely spaced moieties suffer from fast
recombination of the polaron pairs. This recombination is likely due to the close average
separation of the correlated geminate pairs. We attribute the fast initial decay time to geminate
on chain recombination of polaron pairs. The different separation between localized electron
and hole polarons in polymers with and without spacers could be the reason for the larges
differences of recombination times for copolymers with and without spacers. Our
measurements point to a beneficial role of more extended structures in increasing the
recombination lifetime (Figure 6.5). Here, the increased spatial separation may hinder the
electron hole overlap, which is necessary for polaron pair recombination. In addition, an
increased separation corresponds to a weaker Coulomb attraction, and a more probable escape
from the electrostatic potential. This happens most likely by thermally activated hopping
along the same chain or to adjacent chains. We note that the delocalization of one of the
carriers, in particular holes, is crucial to avoid fast recombination and seems to be a promising
approach for a structural optimization of polaron pair lifetime in donor-acceptor copolymers
[44,219].

A further interesting finding is that stronger electron affinities of the acceptor lead to faster
recombination times. Because of the energetically deeper LUMO acceptor, the electron polaron
is expected to be more localized what in turn promotes the recombination. In fact, polaron
pair formation is expected to break the symmetry of the z-orbital, with the electron localizing
mainly on a orbitals of isolated acceptor LUMOs [221]. Thus, electrons in PCPDT-BDT and
PCPDT-2TTP may have poor intrachain carrier mobilities, compared with co-polymers with
LUMOAacceptor levels at higher energy. The long initial polaron pair decay time (> 12 ps) in
P3HT supports our interpretation. Here, polaron pair formation is driven by exciton
delocalization at sites with energetic disorder (typically > 50 meV) [222], since energetic
disorder within the chromophore is absent in homopolymers. A recent work by Reid et al.
[57] showed that the polaron yield in P3HT depends on the degree of microcrystallinity.
Charge separation is believed to occur at the interface between crystalline and amorphous
regions. A less pronounced carrier localization in one of the two regions can lead to large
intrachain mobilities [218,223] and a longer polaron pair lifetime.

These results have immediate implications for organic photovoltaics. In photovoltaic devices,
the long-living charge separation is accomplished by exciton dissociation at the interface
between phase-separated domains, where electrons and holes can diffuse away. Conjugated
copolymers with high vyields in the formation of polaron pairs are expected to require

fullerene acceptors with smaller LUMO energy offsets. A lower driving force might be
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sufficient for their dissociation, since polaron pairs have a lower binding energy than excitons,
as discussed in section 2.4.3. The preference for copolymers with either long-living polaron
pairs or large generation yields may depend on the morphology of the blends with the
fullerene. Blend systems with small polymer domains might be beneficial for copolymers
with high yields of formation. In this configuration, polaron pairs will be separated in free
charges within their lifetime, as they will be likely generated directly at the interface or close
to it. For large polymer domains ( > 20 nm), a longer lifetime of the polaron pairs will be
beneficial to favor diffusion to the interface.

These findings report important insights on how the chemical structure of copolymers is
influencing the yield of generation and the recombination dynamics of polaron pairs. The
generation yield depends on the electron affinity of the acceptor moiety, but also on on the
separation between the centers of mass of donor and acceptor. The results might provide
useful input into the understanding of structure-property relationships in low-bandgap

polymers for photovoltaics.

6.4. Structural influences on exciton and polaron

mobility in donor-acceptor copolymers

When talking about mobilities in polymers for organic electronics, like transistors or
photovoltaic cells, the discussion is typically limited to the mobility of charge carriers being
transported and extracted via the polymer, i.e. hole polarons. From the present literature, both
exciton and charge carrier mobilities in polymer films are well known to depend crucially on
the morphology[224]. For this reason, the values for hole polaron mobilities in conjugated
polymers, found in literature, cover several orders of magnitude, i.e. 10™° to 10”° cm?V*s™ for
PPV polymers [225,226], and 8.5-10° to 10 cm?V*s™ for devices and blends with P3HT
[227,228]. Even higher values, on the order of 0.1 cm?V's™, could be found in P3HT films,
with a very high degree of cristallinity. The latter allows efficient inter-chain delocalization of
hole polarons [31]. But not only morphological issues are known to play a role. A strong
influence of only slight changes in their chemical structure was found in a systematic study of
charge carrier mobilities in low-bandgap copolymers by Scharber et al. [229]. By replacing
the carbon bridging atom in the dithiophene unit of PCPDT-BT with a silicon atom, the hole
polaron mobility increased by a factor two, from 5-10° to 102 cm?V*s™. Obviously, the

molecular chemical structure has strong influence on the mobility of hole polarons, thus an
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effect on electron polaron mobility is straight forward to assume. Of course the mobility of
separated charge carriers remains a crucial factor for their efficient extraction from a
photovoltaic device. But nevertheless, charge dissociation at a donor-acceptor interface
remains a fundamental step for their formation. Therefore, polaron pair mobility is a
parameter of great interest, in order to understand and optimize their diffusion and subsequent
extraction.

In literature, it is commonly implied that polaron pairs either undergo geminate recombination
or dissociate at the place of their formation, as their diffusion is not considered in theoretical
models [71,230,231]. Nevertheless, there are experimental indications that charge carriers
formed in conjugated polymers exhibit a very high initial mobility [232] and are also capable
of moving to other molecules or chromophores before undergoing recombination or
dissociation [233]. Only recently, theoretical studies investigated the role of polaron pair
diffusion [74] and came to the conclusion that it has to be taken into account for describing
BHJ solar cells. They showed that diffusion of Coulomb-bound charge carriers is responsible
for a severe loss channel. The latter becomes dominant at high electric fields and leads to a
loss of more than 40% of the generated charges at the interface with an electrode [74].

This study reveals that polaron pair diffusion benefits from a high local mobility, which can
exceed the average macroscopic mobility by far [74], and that polaron pairs can also have a
very high initial mobility directly after their formation [232]. These findings have a strong
implication for the applicability of polaron pair extraction in organic solar cells.

In order to proof and investigate the different character of excitons and polarons in donor-
acceptor copolymers, two different materials have been investigated with various densities of
photoexcitations. Varying the excitation density allows to change the average distance
between photoexcitations. An estimate of the diffusion length and mobility of different
species can be given, by measuring the onset of bimolecular recombination effects in
dependence of their average separation distance.

For a density dependent comparison of exciton and polaron pair decay dynamics, the
copolymers PCPDT-BT and PCPDT-2TBT have been chosen. In Figure 6.6 the decay
dynamics of GB, SE and P; are shown for PCPDT-BT (panels a) - c)) and PCPDT-2TBT
(panels d) — f), when excited with different excitation densities at 760 nm and 640 nm,

respectively.
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Figure 6.6: Recombination dynamics on a 10 ps timescale for various photoexcitation
densities of GB, SE and P1 of PCPDT-BT (panels a) - ¢)) and PCPDT-2TBT (panels d) — f)).
For increasing excitation densities a significant shortening of the SE decay time is observed
for both materials. The P; decay time of PCPDT-2TBT shows a less pronounced decrease,
while no change can be seen for PCPDT-BT. The very similar dynamics of GB and SE in both
materials point to the fact, that excitons are the major species formed upon photoexcitation

with 760 nm and 640 nm, respectively.

While SE exclusively originates in the photoluminescence of excitons, P; is an absorption
band originating only in polarons. For better comparability, suitable excitation wavelengths
have been chosen to address the maximum of the low-energy absorption band of each
material. Within the first picoseconds, an initial rapid decay of polaron pairs occurs, which
could not be observed to the same extent in previous measurements exciting at 800 nm and
probing in the MIR. It is most likely originating in a higher excitation density, required for
retrieving a full A7/T spectrum at moderate repetition rates, as explained in the experimental
chapter, or due to a residual overlapping contribution of SE.

The respective densities are denoted as an inset in each panel. For PCPDT-BT a very strong
dependence of the SE decay time is observed, as shown in panel b), decreasing rapidly with
increasing photoexcitation density, till reaching saturation at a density of ca. 3-10"® cm™. The
latter corresponds to an average distance between two photoexcitations of 3.2 nm. In contrast,
the decay dynamics of the polaron pairs, shown in panel c), seem not to be affected by an

increasing excitation density in the observed range.
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In this latter case, the slight differences are within the error of the measurements due to the
relatively small signal to noise ratio for lower excitation densities. They show a rapid initial
decay, followed by a decay on a longer timescale than the SE. GB shows a shorting of decay
time with increasing density similar to SE. Saturation is again reached at a density of about
3-10™ cm™. A comparable behavior can be found for PCPDT-2TBT, qualitatively. Also for
this material, the SE band (panel e)) exhibits a clear shortening of its decay time with
increasing excitation density, but saturation is observed only at higher densities of about
1.2-10" cm™®. This corresponds to an average distance of only 2 nm between two
photoexcitations. The polaron pair signal, plotted in panel f), is much less affected by an
increasing excitation density than the SE band, but shows a slight decrease of lifetime at
higher densities. Similar to the case of PCPDT-BT, the variation of the GB dynamics can be
compared to the dynamics found for the SE signal. A successive shortening of the GB decay
time is present for smaller distances between photoexcitations, reaching saturation at the same
value as the SE.

A closer look is required to point out the influence of excitation density on polaron pair
diffusion. For better comparability, the signal amplitudes of GB, SE and P; were renormalized

by their values at zero delay, and are plotted for different excitation densities in Figure 6.7.
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Figure 6.7: Signal amplitudes of GB (black squares), SE (red triangles) and P; (blue dots) at
3 ps time delay renormalized by the respective zero-delay amplitude versus excitation density
for a) PCPDT-BT and b) PCPDT-2TBT. PCPDT-BT shows a more sensitive decrease of the
SE decay time than PCPDT-2TBT. In contrast, the P; decay time is clearly affected by
excitation density only in -2TBT but not in —BT. The apparent increase in the latter case can
be explained by a measurement artifact. The close similarity of SE and GB response indicates

excitons being the major species of photoexcitations.
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In Figure 6.7 a) again the rapid decrease of exciton lifetime (red triangles) with increasing
density can be observed, reaching saturation at a density of about 3-10*® cm™ for PCPDT-BT.
The polaron signal (blue dots) does not show a detectable decrease with growing density, but
seems to increase slightly. This can be considered as a measurement artifact due to a small
spectral tail of overlapping SE at 1050 nm, where the polaron signal has been measured. With
this visualization the similarity between GB (black squares) and SE is obvious. For PCPDT-
2TBT, as shown in Figure 6.7 b), the weaker sensitivity of SE and GB decay time to the
excitation density becomes clearly visible compared to PCPDT-BT. It exhibits a much slower
drop-off and saturation is reached only at a significantly higher density of about 1.2-10™ cm®,
what obviously uncovers a different behavior compared to PCPDT-BT. Furthermore, Figure
6.7 b) reveals a decrease of lifetime for polarons with increasing density for. Going from a
density of 3.7-10'® to 2.5-10'° cm™, the plotted signal ratio drops by about 20%, which clearly
indicates a density dependent polaron lifetime for this material.

These findings demonstrate that in both materials excitons, which are the origin of SE, are
much more affected by the excitation density (and hence the mean distance between two
photoexcitations) than polaron pairs. This leads to the interpretation, firstly, that both are
doubtlessly distinct species of photoexcitations and that both species can be characterized by
different diffusion lengths and mobilities. Secondly, the slight affection of the polaron pair
decay time in the -2TBT copolymer is in the contrary not present at all or below the detection
threshold in —BT. The distinct exciton mobilities in these materials state different properties in
terms of exciton- and polaron pair diffusion. Although these materials exhibit very similar
chemical structures, saturation of bi-excitonic effects is reached at a mean distance between
excitations of 3.2 nm in the case of -BT and only of 2 nm in —2TBT. On one hand, this
finding indicates that the additional thiophene spacer in the -2TBT copolymer hinders exciton
diffusion, most likely due to a reduction of mobility compared to the —BT copolymer. On the
other hand, the presence of additional thiophene spacers in -2TBT favors the diffusion of
polaron pairs, leading to a higher mobility and consequently a larger affection regarding their
non-geminate (bi-molecular) recombination.

In conclusion, the differences in behavior of the exemplary copolymers PCPDT-BT and
PCPDT-2TBT indicate that slight changes in the chemical structure have strong effects on
their electronic properties. While the addition of thiophene spacers seems to hinder the
mobility of excitons, a favorable effect on polaron pair mobility is found. This implies that
different structural properties play a crucial role not only in terms of the formation yield, but

also in terms of mobility of polaron pairs. The large range of variable parameters, regarding
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the chemical structure of materials, hopefully will allow in future to combine a high polaron

pair formation yield with an optimized mobility.

6.5. Chapter summary

In this chapter, we report on enhanced polaron pair formation in donor-acceptor copolymers.
Photoexcitation of thin polymer films without the addition of any electron accepting material,
results mainly in the formation of strongly bound neutral excitons and to a certain extent of
weakly bound polaron pairs. For homopolymers, like P3HT, this polaron pair yield #, also
called polaron pair to exciton branching ratio, is found to be small (=8%) and to depend
crucially on morphologically induced energetic disorder between amorphous regions and
crystalline domains. In contrast, donor-acceptor copolymers exhibit much higher intrinsic
yields of up to n = 24%. We showed that the energetic disorder induced by alternating donor
and acceptor moieties along the copolymer backbone favors the formation of polaron pairs in
a very high degree. A suitable choice of donor-acceptor materials allowed a systematic
investigation of structural correlations with the branching ratio and the lifetime of the formed
polaron pairs. Strong electron affinity of the on-chain acceptor moieties is found to have a
very beneficial influence on the formation yield of polaron pairs, but decreases their
recombination time dramatically. A larger spatial extension of the donor unit and the
subsequent larger separation of the donor and acceptor centers, by the incorporation of
thiophene spacers, increase the recombination time, but lowers the yield of polaron pairs. The
incorporation of thiophene spacers has also immediate consequences on the mobility of
polaron pairs and excitons. A systematic study on similar copolymers, with and without
spacers, at different photoexcitation densities indicates that their presence hinders exciton but
favors polaron pair the mobility. These results further prove that polaron pairs and excitons in
donor-acceptor copolymers are indeed distinct species of photoexcitations and can be
distinguished by their recombination dynamics and their different affection to bi-molecular
processes. Altogether, the results presented in this chapter demonstrate that the
electronegativity and on-chain arrangement of donor and acceptor units has a strong influence
on the formation and lifetime of polaron pairs. These correlations point to new degrees of
freedom for a future optimization of such materials in terms of formation yield, lifetime and

mobility of polaron pairs.
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small molecule size for polaron pair

formation

The results presented in the last chapter show that the chemical structure of donor-acceptor
copolymers favors the formation of polaron pairs in the absence of fullerenes or other electron
accepting compounds. Ultrafast spectroscopic measurements revealed a polaron pair to
exciton branching ratio of more than 24% for these materials, exceeding homopolymers by a
factor of 3 (= 8%). A strong dependence of this yield on the on-chain topology and the
acceptor electron-affinity was found. For those measurements, all polymers have been excited
in the low energy band of the characteristic “camel back™ absorption spectrum [44].
Theoretical studies by Jespersen et al. predict the formation of excited states with a substantial
charge transfer character only for absorption in this low-energy band, while fully delocalized
states are expected for excitation in high-energy bands [147]. Since this charge transfer
character of excited states is believed to be essential for a high formation yield of polaron
pairs, it remains a valid question whether a substantial yield can also be achieved for
excitations with a significant amount of excess energy. An extraction of polaron pairs will
only be applicable and of interest for organic photovoltaics, if a high polaron pair formation
yield is present throughout the whole absorption spectrum of the favored material. This
crucial question shall be addressed in this chapter by broadband ultrafast spectroscopic
measurements with various excitation photon energies. In addition, the effect of molecule
chain length shall be studied in order to further complete the investigations of influencing
material parameters on the formation of weakly bound polaron pairs in donor-acceptor
materials [166].
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7.1. Excess excitation energy promoting polaron pair

formation in donor-acceptor materials

Before going into experimental and theoretical details, this chapter shall focus on the
dependence of localization and charge-transfer character of the populated orbitals on the
evolution of photoexcitations in a compact and intuitive way. Figure 7.1 presents a simplified
physical picture of polaron pair formation in donor-acceptor materials when absorbing
photons with and without significant excess energy.
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Figure 7.1: Schematic illustration of the evolution of photoexcitations with different excess
energies. Low energy excitations mainly result in the formation of delocalized states (upper
part) which mainly undergo the evolution towards neutral excitons. In contrast, excitations
with excess energy address orbitals with a high degree of charge-transfer and localization.
These states favor the formation of spatially separated weakly bound polaron pairs. In all
studied donor-acceptor materials, the found yield for high-energy excitation is higher than for

excitations close to the bandgap, i.e. 7 iue > 7 Red-

In contrast to the expectations based on former theoretical studies [147], photoexcitations
close to the optical bandgap result mainly in the occupation of orbitals, which are delocalized
over the chromophore and do not exhibit noticeable charge-transfer character [166]. The
resulting large wave function overlap and the strong Coulomb interaction of electron and hole
mainly lead to the formation of neutral excitons and thus only to a small amount polaron

pairs. These formed excitons provoke pronounced signatures of excitonic absorption and
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stimulated emission in the optically induced differential absorption spectra. Both are decaying
on a timescale characteristic for excitons in these systems. In contrast, after photoexcitation
with significant excess energy, the populated higher lying orbitals exhibit a much higher
degree of charge-transfer and consequently further spatial separation of electron and hole. The
reduced Coulomb attraction and pre-separation favors the formation of weakly bound polaron
pairs and exhibits a higher polaron pair yield for photoexcitations with excess energy, i.e. 7giue
> nred- This can be observed by a reduced signal of the exciton species and a strengthened
signal of polaron absorption with a decay time unique for polaron pairs in the respective
system.

Bearing in mind this intuitive physical picture, we will investigate the influence of
localization and charge-transfer by ultrafast spectroscopic studies and theoretical

investigations of the involved orbitals in sections 7.2 and 7.3.

7.2. Ultrafast spectroscopic investigation of polaron pair

formation with various excitation energies

In order to investigate the dependence of polaron pair formation on excess energy of the
absorbed photon, a suitable set of materials was chosen. In addition to the already established
copolymers PCPDT-BT and PCPDT-2TBT the oligomer 7,7'-(4,4-bis(2-ethylhexyl)-4H-
cyclopenta[1,2-b:5,4-b"]dithiophene-2,6-diyl)bis(4-methylbenzo[c][1,2,5]thiadiazole) (CPDT-
BT) was selected for this investigation. The latter is a small molecule that shares the same
chemical structure with the copolymer PCPDT-BT, but consists only of one donor unit,
capped by one acceptor unit on both sides. The respective chemical structures of all materials

are plotted in Figure 7.2 a) — c¢), complete with the newly added small molecule.
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Figure 7.2: a) — ¢): Chemcial structures of PCPDT-BT, CPDT-BT and PCPDT-2TBT. d) —f):
show the absorptivity of neutral molecules in thin film samples with low- and high-energy
excitation wavelength indicated as red and blue arrow, respectively. Further high energy
excitations of PCPDT-2TBT are indicated as light blue and light green arrows. g) — i):
Broadband AT/T, 350 fs after excitation for low- (red) and high-energy (blue) excitation,
compared to the chemically induced -40D of the respective cations (black). All curves are
normalized to the ground state bleaching for better comparability. Vertical dotted lines

indicate the spectral positions for evaluating the temporal dynamics of GB (black), SE (red),
P1 (blue) and EX (green).

Only recently, a similar oligomer was used successfully in a small-molecule organic solar cell
with a record power conversion efficiency of 6.7% [155]. In the framework of the present
study, all materials were excited at the low- and high-energy absorption peaks of their related
camel back absorption spectra, indicated by red and blue arrows, respectively. As shown
together with the ground state absorption (solid black line) and photoluminescence spectra
(dashed black line) in Figure 7.2 d) — f), the suitable wavelengths for this purpose are 760 nm
and 400 nm for PCPDT-BT, 530 nm and 370 nm for CPDT-BT, and 640 and 400 nm for
PCPDT-2TBT. For the latter copolymer, an extended investigation with excitation
wavelengths below and above twice the optical bandgap Aveump > 2-Eg (vertical dashed green
line) was performed. The purpose was to clarify the occurrence of singlet fission (SF), multi
exciton generation (MEG), as it was partially observed for other organic materials, such as
pentacene [234-237] or carbon nanotubes [238]. The other excitation wavelengths used for

this purpose are 440 nm (light blue arrow) and 370 nm (light green arrow). For probing GB,
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SE, P, and EX simultaneously, a broadband white light was used, covering the spectral range
from 450 nm to 780 nm and from 820 nm to 1100 nm. This allows measuring all spectral
features at the same time and normalizing the obtained signals to the ground state bleaching
for better relative comparability. The exciton absorption band EX, which is located as
expected at longer wavelengths than P, is only detectable in the available spectral window
for the oligomer because of its large optical bandgap due to the short chain- and conjugation
length.

All shown ultrafast broadband 47/T spectra are taken 350 fs after excitation. When comparing
both normalized A7/T signals for 760 nm and 400 nm excitation of PCPDT-BT in Figure 7.2
g), ground state bleaching is observable from 570 nm up to 745 nm in good agreement with
the ground state absorptivity shown in panel a). Further in the infrared, peaking below 820 nm
and exhibiting a shoulder at 935 nm, a second strong positive contribution is obvious.
Because it matches well with the photoluminescence spectrum, an assignment to stimulated
emission is straight forward, which partially overlaps on its blue edge with the GB.
Comparing it with the chemically induced -40D (black curve), a negative contribution of
polaron absorption is obvious. The latter starts at about 800 nm and exceeds the detection
window at 1100 nm with the blue edge being again covered by a positive SE signal. At 950
nm, the contribution of the polaron signal becomes dominant and the total signal changes its
sign to negative. When excited with excess energy, a clearly less-pronounced SE and
enhanced polaron absorption P; are strong indications for a higher branching ratio, i.e.
"Blue = Red-

For the oligomer CPDT-BT, shown in Figure 7.2 h), we observe a similar pattern of
spectroscopic features with an additional absorption band peaking at 780 nm. Its larger optical
bandgap and thus blue-shifted absorption spectrum compared to the related copolymer allows
accessing its excitonic absorption band EX, located between 700 nm and 1100 nm. The
reduced signal strength, when excited with excess energy clearly proves a reduced formation
of excitons than for low-energy excitations. Due to the large overlap of SE and P; for the
oligomer, the AT/T signal completely changes its sign around 630 nm from positive SE to
negative Py signal, when exciting with significant excess energy. In qualitative agreement
with the findings for the copolymer PCPDT-BT, the oligomer shows a larger branching ratio
(781e > 7red) fOr excitation with excess energy and even exhibits a much larger effect than
observed the polymer. This indication for a higher polaron pair yield is further confirmed by

the above finding of a reduced excitonic absorption for short-wavelength excitation.
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For PCPDT-2TBT, as shown in Figure 7.2 i), an increasing amount of excess energy (curves
in the order of red, light blue, blue, light green) leads to a successive reduction of SE in the
range from 640 nm to 860 nm, while the spectral shape of GB below 630 nm remains largely
unaffected. Interestingly, the negative polaron absorption in the spectral range from 860 nm to
1100 nm is increasing monotonously for excitation wavelengths from 640 nm to 400 nm, but
drops drastically by a factor of 3 when going from 400 nm to 370 nm. Up to 400 nm, the trend
of decreasing SE and increasing P, signal agrees qualitatively with the phenomena found in
both of the other investigated materials. Further, it shall be mentioned explicitly that SE
remains absent also for excitation at 370 nm. This excitation wavelength corresponds to a
photon energy twice exceeding the material’s optical bandgap. The drastic drop of polaron
signal together with the absence of SE can by no means be regarded as an indication for multi
exciton- or multi-polaron pair formation. Most likely, the populated high-lying energetic state,
opens a non-radiative (dark) loss channel, allowing relaxation without stimulated emission or
polaron pair formation. The found absence of MEG is in good agreement with other recent
studies on a model polymer system for photovoltaics by Bange et al. [239].

Further experimental proof of a higher branching ratio for photoexcitations with significant
excess energy can be found by a detailed look at the temporal dynamics of the spectral
features shown in Figure 7.3. Figure 7.3 shows the decay dynamics of all spectral features
described in Figure 7.2. In the case of PCPDT-BT about 65% of the initial polaron pair signal
(blue line) decays on an ultrafast timescale within the temporal resolution of the setup,
followed by a slow decay with a time constant of 18 ps. We attribute this initial decay to a fast
geminate recombination of on-chain polaron pairs since their decay dynamics are not
significantly affected by a changing excitation density, as already commented in section 6.4.
Previous measurements of polaron pair dynamics at even lower excitation density, probing the
P, absorption band in the MIR, support this assumption [44]. However, using a broadband
probe and a suitable detection system requires measuring with a repetition rate of only 1 kHz
and therefore higher excitation densities are necessary to maintain a reasonable signal to noise
ratio. Although the used excitation densities were chosen as low as possible, a small residual
contribution of bimolecular exciton recombination cannot be excluded. Slight interference
with overlapping SE might be a further contribution to the appearance of this ultrafast feature.
For the decay of stimulated emission (red line), bi-exponential decay dynamics with 1.3 and
16.5 ps decay constants could be evaluated. Since the general temporary absence of molecules
in the ground state provokes the signature of GB (black line), a contribution of exciton and

polaron dynamics to its decay dynamics is straight forward. Again, the pronounced similarity
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between GB and SE decay dynamics for low-energy excitation proofs excitons to be the major
species of photoexcitations for 760 nm excitation. For excitations with excess energy at 400
nm, the fast initial decay of polaron pairs is reduced to about 40% of the initial amplitude, as
apparent in Figure 7.3 d). With excess energy, the decay of GB shows decay dynamics which
are comparable to the decay of polaron pairs, suggesting that the latter are the major species
formed by excitation with significant excess energy. In agreement with other studies [179],
the stimulated emission is observed with a slower rise after excitation at a wavelength of 400

nm, which can be explained by vibrational relaxation of the excited state prior to photon

emission.
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Figure 7.3: Ultrafast transient dynamics of GB (black), SE (red), P1 (blue) and EX (green)
for long wavelength excitation of a) PCPDT-BT (760 nm) b) CPDT-BT (530 nm) and c)
PCPDT-2TBT (640 nm). Their respective dynamics for short-wavelength excitation at 400
nm, 370 nm and 400 nm are shown below in panels d) — f). For better comparability all decay
curves are normalized and eventually plotted with negative sign (as indicated in the graphs).
Clear differences in the temporal dynamics between long- and short-wavelength excitation
can be found for PCPDT-BT in going from panel a) to d). Those are even more pronounced
for the oligomer in panel b) and e). PCPDT-2TBT in panel c) and f) shows only small
differences between the spectral signatures of GB, SE and P; and for various excitation
wavelengths. Spectral positions of respective probe wavelengths are indicated by vertical

dotted lines in Figure 7.2.

The temporal dynamics for the oligomer CPDT-BT are shown in Figure 7.3 b) and e) and
confirm the hypothesis that excitation with excess energy leads to a higher branching ratio.
While excitation close to the bandgap the GB decay follows almost exactly the dynamics of
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the exciton absorption band EX (green line), it appears to be clearly slower for excitation with
excess energy, indicating a larger amount of polaron pairs among the photoexcitations. When
excited at 530 nm (panel b)), the temporal dynamics in the spectral region from 600 nm to
700 nm, where SE and P; are largely overlapping, clearly follow the shape of the
photoluminescence spectrum, indicating a major contribution of SE. Although originating in
the same species, SE shows faster recombination dynamics than EX, which most likely
originates in the spectrally overlapping negative contribution of the polaron absorption band
P, with SE. However, the most interesting results are obtained when exciting with a large
amount of excess energy, at a wavelength of 370 nm. In this case a long living signal with
negative amplitude due to polaron absorption follows the GB dynamics and, according to our
assignment, is another strong indication that polaron pairs are the mainly formed species. The
seemingly slow buildup of the polaronic absorption band (panel €)) can be explained as the
vanishing contribution of the overlapping SE signal due to a fast decay of excitons.
Comparing the decay of polaron pairs in the oligomer and the related copolymer on a
timescale of 200 ps, when excited with excess energy, a surprisingly large difference becomes
obvious.

As shown in Figure 7.4, the polaron pairs in the oligomer exhibit a lifetime, which is more
than one order of magnitude longer (164 ps) than the slow component of the bi-exponential

decay in the copolymer (13 ps).
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Figure 7.4: Ultrafast dynamics of polaron pair absorption in CPDT-BT (light blue) and
PCPDT-BT (dark blue) on a timescale of 200 ps. While the polaron pairs in the oligomer
show a lifetimte of 164 ps when excited with excess energy, polaron pairs in the copolymer

exhibit as a long component of their bi-exponential decay only a lifetime of 13 ps.

For PCPDT-2TBT, as shown in Figure 7.3 c¢) and f), the differences in the temporal decay

dynamics of polaron pairs, SE and GB are much smaller than for the other two materials. This
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holds true for excitations close to the bandgap (panel ¢)) and also for those with significant
excess energy (panel f)). One possible answer for this close similarity of decay dynamics of
both species might be their more leveled mobility compared to PCPDT-BT, as discussed in
detail in section 6.4. Nevertheless, this finding does not contradict to a higher polaron pair
formation yield for excitations with excess energy, as is also observed for this polymer in the
AT/T spectra shown in Figure 7.2 i).

In summary, all materials show a higher polaron-pair yield # for excitation with higher photon
energies compared to excitations close to the optical bandgap, i.e. 7giue > 77req. This effect is
well observable for the donor-acceptor copolymers PCPDT-BT and PCPDT-2TBT and is
even significantly more pronounced for the shorter oligomer CPDT-BT. The latter finding is a
strong indication that the molecular chain length has significant influence on the evolution of
photoexcited states in donor-acceptor materials, as well as on the lifetime of the generated
polaron pairs.

In order to reveal the nature of this influence and the role of charge localization and charge-
transfer character, quantum chemical simulations were performed [166]. They allow an
investigation of the involved electronic states addressed with different excitation energies. A
detailed discussion of these theoretical investigations and their findings are presented in the

following section.

7.3. The key role of charge-transfer character and
localization of photoexcited states for polaron pair

formation

To obtain a deeper understanding and to provide a more comprehensive explanation on the
nature of polaron pair formation and the influence of excess excitation energy, an
investigation by quantum chemical modeling of the involved optical transitions was
performed [166]. Details about the computational methods can be found in section 4.3.4. In
order to shed light on the role of molecular chain length and conjugation length in the process
of polaron pair formation, the copolymer PCPDT-BT and the related monomer CPDT-BT
were chosen for a close comparison. Figure 7.5 provides natural transition orbitals (NTOs) for
the relevant optical transitions in PCPDT-BT (panel a)) and CPDT-BT (panel b)).
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Each NTO pair has two parts: The lower part, with the initial electron orbital, and the upper
part, with the final orbital, which is reached after optical excitation. In a figurative sense, the
first can be regarded as the left-over hole wave function while the latter one corresponds to
the final electron wave function. The given wavelength value corresponds to the resonant
excitation wavelength, whereas f denotes the transition’s oscillator. As already discussed in
section 5.2.2, the observed blue-shift of calculated wavelength compared to measured
excitation wavelengths originates in the limited length of the calculated molecules and the

used computational method.
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Figure 7.5: Natural transition orbitals (NTOs) governing the main absorption bands of the
camel back absorption spectrum of a) PCPDT-BT and b) CPDT-BT. Values for the resonant
excitation wavelength of each transition are given together with the respective oscillator
strength. While low-energy excitation (red arrows) mainly results in transitions between
delocalized states, excess excitation energy (blue arrows) leads mainly to transitions with a

pronounced charge-transfer character.

In the case of the copolymer, excitation close to the optical bandgap results in a transition
(panel a), transition 1) where both electron and hole wave function are delocalized over
several BT and dithiophene units in the center of the chromophore. This strong wave function

overlap justifies the large oscillator strength of transition 1 [47]. Furthermore, this large
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overlap and the common center of mass lead to a strong Coulomb interaction and explain the
favored formation of neutral excitons instead of spatially separated polaron pairs.

After excitation with significant excess energy, i.e. in the high-energy absorption maximum,
different NTO pairs are involved. Transition 15 carries the main oscillator strength for an
excitation at 345 nm and consists of two NTO pairs (with CI coefficients of 0.42 and 0.26), as
shown in Figure 7.5 a). A clear charge-transfer character is observed for both NTO pairs. At
the dominant contributions, the electron wave function is mostly localized on the BT units,
whereas the hole wave function is delocalized in nature. This spatial separation of electron
and hole results in a reduced Coulomb interaction and consequently favors the formation of a
weakly bound polaron pair. At this point it shall be mentioned that almost identical NTOs
were found in the equilibrium geometries of the corresponding excited states, i.e. the final
chain configuration after relaxation of the nuclei to the new energetic equilibrium position.
For the short oligomer CPDT-BT, an even more pronounced difference can be found, as it is
obvious from Figure 7.5 b). Transition 1 is the origin of the long wavelength absorption band,
arises from an initial and final state, which are both delocalized over the whole molecular
backbone. Electron and hole are both calculated to be spread out over the whole molecule
with their centers of mass located in the center of the molecule. The high-energy absorption
band of CPDT-BT arises in transition 3, which is only accessible with significant excess
excitation energy. This transition appears to be delocalized with large overlap of the
contributing electron and hole wave functions. However, following excitation of these
transitions, we assume that the system undergoes ultrafast relaxation through several excited
states, in agreement with previous studies [179]. In the course of this relaxation, a transit
through another excited state with a very pronounced charge-transfer character is very likely.
One hot candidate is the upper orbital of transition 2 in Figure 7.5 b), which is a dark state and
hence optically not directly accessible, but exhibits a high degree of charge-transfer character
when populated during the relaxation from a higher lying excited state. It is no surprise that
the excited state exhibiting a high degree of charge-transfer is a dark state, since its oscillator
strength suffers severely from lacking wave function overlap [47].

The exceptionally large change in the branching ratio, as well as the long polaron pair lifetime
in the oligomer, exceeds the respective value in the copolymers by far. This leads to the
assumption that the limited dimensions of the oligomer chains also add an additional degree
of localization to the wave functions in the oligomer what favors polaron pair formation upon
excitation with excess energy. One possible explanation could also be the contribution of

inter-molecular effects in oligomer films due to eventual close spacing between donor and

102



The beneficial role of excess energy and small molecule size for polaron pair formation

acceptor units of adjacent molecules in all three dimensions. In the case of favorable packing
and orientation, the formation of stabilized long-lived polaron pairs might be favored, as it
was observed also at interfaces in copolymer heterojunctions [240].

The finding of enhanced charge-transfer character and localization of the electron wave
functions after photoexcitations with excess energy clearly contradicts the expectations of
other theoretical investigations published so far [147]. Nevertheless, the understanding of the
nature of photoexcited states at higher energies achieved by the quantum chemical modeling
presented in this work is capable of giving an explanation for the experimentally found higher
polaron pair yield in this regime. Altogether, these findings are clear indications that a high
polaron pair formation yield is present over the whole absorption spectrum of donor-acceptor
materials and is even increasing at shorter excitation wavelengths. The theoretically gained
insight that charge localization, chain length and possibly inter-molecular effects play a key
role in polaron pair formation gives further directions towards the future optimization of

materials for more efficient solar cells based on the extraction of weakly bound polaron pairs.

7.4. Chapter summary

In this chapter we report on the beneficial role of excess excitation energy and short molecular
chain lengths for polaron pair formation in donor-acceptor materials. Ultrafast spectroscopic
measurements with different excitation wavelengths, in combination with broadband
spectrally resolved probe pulses, retrieve excitons the major formed species formed by
photoexcitations in the low-energy absorption band. In contrast, photoexcitations with a
significant amount of excess energy are found to favor polaron pair formation with higher
yields than excitations close to the optical bandgap, i.e. 7gie > #7red- This effect present in both
studied copolymers PCPDT-BT and PCPDT-2TBT. Qualitatively the same, but on a much
higher level, this effect is observed also in the short oligomer CPDT-BT, sharing the same
chemical structure with PCPDT-BT. For this material, an increasing amount of excess energy
almost completely changes the evolution of photoexcitation from excitons to polaron pair
formation. Also the lifetime for short wavelength excitation of the short oligomer is reported
to be more than order of magnitude longer than for the long copolymer.

To complete the experimental investigation, excitations with energies twice exceeding the
optical bandgap have been performed for PCPDT-2TBT. In agreement with other studies, no

indications for singlet fission or multi exciton generation could be found. With such high
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excess energies, a very low amount of SE in combination with a drastically dropped polaron
signal is presented, which points toward an open non-radiative decay channel during
relaxation.

Enhanced theoretical studies of the involved natural transition orbitals clearly indicate the
favorable role of higher lying energetic orbitals, which are addressed by photoexcitations
bearing excess energy. Their pronounced charge-transfer character and the resulting reduction
of spatial overlap between electron and hole lead to reduced Coulomb interaction and are thus
believed to promote polaron pair formation in a very efficient way. Further localization due to
restricted chain length is supposed to play an important role towards charge separation, as it is
likely to explain the more pronounced effect in the oligomer. Furthermore, small molecule
size and eventual favorable arrangement with neighbor molecules might lead to an eventual
contribution of inter-molecular effects.

In conclusion, our findings presented in this chapter clearly demonstrate that a high degree of
polaron pair formation is present over the whole absorption spectrum of these materials and
even becomes more efficient with increasing excess energy. Furthermore, the results point to
an advantageous role of limited chain lengths in small molecules compared to copolymers in
terms of polaron pair formation. This fact implies an intrinsic advantage of small molecules

toward photovoltaic applications, which might be worth a closer investigation in future.
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8. Conclusions and outlook

The aim of this work was the investigation of the photophysical properties of a novel class of
materials, i.e. conjugated donor-acceptor copolymers. Despite their widespread use in organic
solar cells with record braking efficiencies, their properties in terms of light absorption and
charge carrier generation on a molecular scale remained fairly unexplored so far. Due to their
unique chemical structure with alternated donor and acceptor segments along the copolymer
backbone a different behavior compared to homopolymers was expected.

In this study, we applied a large variety of experimental and theoretical methods to investigate
the evolution of photoexcitations and charge carrier formation in donor-acceptor materials.
For this purpose, a suitable set of materials was chosen, consisting of the donor-acceptor
copolymer PCPDT-BDT, PCPDT-BT, PCPDT-2TTP and PCPDT-2TBT and the small
molecule CPDT-BT. With steady state optical spectroscopic measurements and chemical
ionization, the signatures of polarons in the infrared spectral region could be determined for
each individual investigated material. Thorough theoretical studies on the absorption spectra
of positive and negative polarons were carried out for the homopolymer PCPDT and the
above mentioned copolymers. The observed absorption symmetry of positive and negative
polarons in homopolymers turned out to be broken in donor-acceptor materials. Lacking
symmetry between HOMO and LUMO orbitals was found as the reason for strongly distinct
absorption spectra of electron- and hole-polarons. A further comparison of different
copolymers revealed a strong influence of the chemical structure on the wave function overlap
of the occupied orbitals and the contribution of different inter-and intra-band transitions to the
lowest optical transitions of polaron absorption. Combining these experimental and
theoretical results on cation and anion absorption, allowed us to determine the polaron pair
absorption cross section for each individual material. With this knowledge, a further
quantitative analysis of spectroscopic measurements of all investigated copolymers was
possible.

By using ultrafast pump-probe spectroscopy, exciting the copolymers in their low-energy
absorption band, and probing with suitable infrared wavelengths, their photophysical response
could be studied in realtime. These measurements revealed that upon light absorption not only
strongly bound excitons are formed, but also a significant amount of spatially separated and

thus weaker bound polaron pairs. The quantum yield for polaron pair formation in pristine
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films of these materials turned out to be up to 24%, which is remarkably up to three times
higher than it is found in the homopolymer P3HT. Comparison of the different copolymers
showed that their chemical structure further has a strong influence on the polaron pair
formation. Acceptor units with a strong electron affinity exhibit a high polaron pair formation
yield but reduce the recombination time significantly. Furthermore, a larger separation
between the centers of donor and accpetor unit was found to reduce the polaron pair yield
from 24 to 15% for copolymers with the same acceptor unit, but to have a benefitial effect in
terms of an extended polaon pair lifetime. Intensity dependent studies on the recombination
dynamics of polaron pairs and excitons revealed that both are well distinct species of
photoexcitations and exhibit very different mobilities in thin films. While the mobility of
neutral excitons exceeds the one of polaron pairs, both are strongly affected by the chemical
molecular structure. The discovered intensity dependencies imply that an insertion of
thiophene spacers between donor and acceptor units reduces exciton and promotes polaron
pair mobility. Thus, a specially designed chemical structure might allow an optimization of
copolymers towards a high formation yield, feasible lifetime and a considerable mobility of
polaron pairs. With these degrees of freedom, the exctaction of polaron pairs instead of
strongly bound excitons might become applicable in future. This would promise a reduced
loss of voltage which is required for the dissociation of photogenerated charge carriers.

An important question regarding the applicability of polaron pair extraction remained,
whether their yield is substantial for light absorption through the whole absorption spectrum.
In order to shed light on this aspect, we studied the role of excess energy on the polaron pair
formation yield. It was found that photoexcitations with a significant amount of excess energy
exhibit a higher polaron pair formation yield than those close to the optical. The same effect
was shown to be present in different copolymers and to be even more pronounced in a short
oligomer of very similar chemical structure, i.e. CPDT-BT. The origin of the high polaron
pair formation for excitations with excess energy was explained with a strong charge-transfer
character of the involved high energetic orbitals. In contrast to low-energy excitation, their
electron wavefunction is almost exclusively localized at several acceptor units, reducing the
spatial overlap and thus the Coulomb interaction with the homogeneously delocalized hole.
The significantly larger effect found for the short oligomer is of great interest in terms of
advantages and disadvantages of small molecules compared to copolymers. In this material an
increasing amount of excess energy completely turns the evolution of photoexcitations toward
polaron pair formation. This might be due its limited chain length, which further restricts the

spatial extension of the electron wave function. A contribution of inter-molecular effects
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between neighboring molecules due to eventual favorable stacking might be a further
explanation for this pronounced effect. Clarification of this question will be the topic of future
investigations.

In conclusion, the results presented in this work illustrate the important role of ultrafast
spectroscopy for understanding the governing factors of excited state evolution and charge
carrier formation in organic materials. This allowed to provide a detailed insight into the
photophysical properties of donor-acceptor copolymers and oligomers for photovoltaics. Due
to their unique chemical structure, with alternating donor and acceptor moieties, they do not
only offer an extended absorption in the near infrared spectral region, but also a remarkably
high yield of weakly bound charge carrier pairs. Since this yield is now known to be
substantial through the whole absorption spectrum and proper understanding of the structural
correlations could be obtained, the applicability of their extraction seems to be feasible.
Specific optimization of materials towards a high yield of polaron pairs might allow a
reduction of the driving force and hence the voltage loss, which is required for the separation
of bound charge carrier pairs. A beneficial combination of copolymers with different acceptor
materials for photovoltaic blends with a less pronounced LUMO level offset might be reached
in future. Further future experiments revealing the dissociation efficiency in dependence of
the LUMO offset between the copolymer and the acceptor might be able to give an estimation
of the achievable reduction of voltage loss and by that guide the way towards promising

material combinations for highly efficient organic solar cells.
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Abbreviations

Abbreviation  Full name

BHJ bulk heterojunction

CIGS copper indium gallium (di)selenide

7,7'-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b:5,4-b"dithiophene-2,6-

CPDT-BT diyl)bis(4-methylbenzo[c][1,2,5]thiadiazole)

DFT density functional theory

DMC dimethylcobaltocene

FF fill factor

FWHM full width at half maximum

GDD group delay dispersion

IHJ interdigitated heterojunction

ISC inter system crossing

LUMO lowest unoccupied molecular orbital
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MDMO-PPV
MEG

MIR

NIR

NTO

ODCB
OLED

OPA

P3HT
PCBM
PCPDT-2TBT
PCPDT-2TTP
PCPDT-BDT
PCPDT-BT
PEDOT:PSS
PHJ

PIA

PL

PPPV

SE

SF

TCO
TDDFT
THF

uv

VIS

poly(2-methoxyl-5-(3,7-dimethyloctyloxy)-para-phenylene-vinylene)
multi exciton generation

mid infrared

near infrared

natural transition orbital

ortho-dichlorobenzene

organic light emitting diode

optical parametric amplifier

poly(3-hexylthiophene)

[6,6]-phenyl-Cs;-butyric acid methyl ester

poly(4,4'-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b']-dithiophene-4,7-
bis(2-thienyl)-2,1,3-benzothiadiazole)
poly(4,4'-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene- 2,3-
diphenyl-5,7-bis(2-thienyl)thieno[3,4-b]pyrazine)
poly(4,4'-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b']-dithiophene benzo-
[1,2-c;4,5-c"Tbis[ 1,2,5]thiadiazole])
poly(2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[1,2-b;3,4-b']dithiophene)-4,7-
benzo[2,1,3]thiadiazole))

poly-ethylene-dioxythiophene:polystyrenesulfonic acid
planar heterojunction

photoinduced absorption
photoluminescence
poly(phenylenephenylenevinylene)
stimulated emission

singlet fission

transparent conducting oxide

time dependent density functional theory
tetrahydrofuran

ultraviolet

visible
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