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Conjugated polymers promise to offer a wide range of new applications
and technologies by combining electronic properties of conventional
semiconductors with the mechanical and fabrication advantages of
plastics. In this context, fundamental challenges have to be solved and
the remaining deficiencies, such as low exciton diffusion lengths and
poor separation efficiencies, need to be remedied. Even though power
conversion efficiencies have reached a competitive level, the exciton
dissociation mechanism is still subject of extensive investigations and
has not yet been fully understood. This subject will be addressed after
an introduction in the fundamental concept of polymer semiconductors
and a detailed description of the applied experimental methods. For
this purpose, the charge generation process at an polymer-fullerene
interface is compared to a hybrid heterointerface in which the organic
acceptor is replaced by the metal oxide TiO2. By means of transient
absorption spectroscopy, carrier dynamics are investigated with a sub
10 fs time resolution. For hybrid heterostructures, this ultrafast time
scale has not yet been investigated and there are only few studies on
organic-organic interfaces. It will be shown that exciton dissociation is a
non-coherent process in which the energetic landscape at the interface is
of crucial importance. Although both systems follow the same exciton
dissociation mechanism, it will be shown that the Coulomb interaction of
charge transfer states constitutes a major bottleneck in the charge carrier
separation efficiency at hybrid interfaces. In a recent work, it was shown
that it is possible to bypass limitations if chemically bound molecular
interlayers are used. These exhibit intrinsically excellent charge injection
properties. Improved photocurrrent contributions from the polymer
donor are possible if excitons are transferred resonantly via dipole-dipole
interaction to such molecules which subsequently execute the separation
process. This thesis will further generalize this finding by comparing four
different polymers in combination with two dye molecule interlayers.
Moreover, new design rules are offered which allow for direct exciton
dissociation by employing a novel benzothiadiazole oligomer as an
interlayer. In this context surface energetics are tailored systematically
in between donor and acceptor and the power conversion efficiency
is improved by remarkable 60% due to a reduced recombination of
localized interfacial charge pairs.
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Beside the elucidation of possible pathways to improve the exciton sep-
aration process, this work focuses also on a deeper understanding of
exciton migration within a relatively broad density of states given in a
polymer film. By means of temperature dependent photoluminescence
spectroscopy in combination with ellipsometry not only the fundamen-
tal concept of exciton migration will be generalized but also the impact of
the polymer’s glass transitions on exciton recombination losses is demon-
strated.
The last chapter of this thesis deals with fabrication strategies to tailor
the energy migration process systematically towards a heterointerfaces.
For this purpose, it is focused on the question whether and to which ex-
tent the polymer morphology can be influenced in a fabrication process
if interface interactions are changed, i.e. whether it is hydrophilic, hy-
drophobic, rough, smooth etc.
The findings and conclusions from this work will help to better under-
stand exciton dynamics in polymer thin films and allow for new design
rules for future material developments.
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Zusammenfassung

Organische Halbleiter stellen für viele Anwendungs- und Techno-
logiebereiche eine sehr interessante Alternative zu konventionellen Halb-
leitern dar, da sie die elektronischen Eigenschaften von anorganischen
Halbleitern mit mechanischen Vorteilen von Plastikmaterialien verbinden
können. Speziell im Zusammenhang mit Solarzellen sind viele Fragestel-
lungen jedoch unbeantwortet und die grundlegende Beschreibung von
physikalischen Prozessen noch ungeklärt. Insbesondere der Mechanis-
mus der Exzitonaufspaltung stellt dabei eine sehr anspruchsvolle Heraus-
forderung dar und findet in der Literatur viele sich teils widersprüchliche
Beschreibungen. Nach einer Zusammenfassung von physikalisch rele-
vanten Grundlagen und in dieser Arbeit verwendeten Methoden, wird
deshalb die Ladungstrennung an einer rein organischen Grenzschicht un-
tersucht und mit Ergebnissen von einer hybriden Grenzfläche verglei-
chen. Hybride Grenzflächen zeichnen sich typischerweise dadurch aus,
dass der organische Akzeptor durch ein anorganisches Material wie TiO2

ersetzt wird, sodass sich die Wechselwirkung mit dem organischen Dona-
tor grundlegend ändert (z.B. durch das Vorhandensein von Energiebän-
dern im Gegensatz zu Molekülorbitalen). Hierbei wird deutlich, dass
die Aufspaltung von Elektron-Loch-Paaren ein nicht kohärenter Prozess
darstellt, welcher in beiden Systemen mit einer vergleichbaren Dynamik
und Effizienz abläuft. Vielmehr ist die Energielandschaft an der Grenz-
fläche von entscheidender Bedeutung, vor allem die Coulombwechsel-
wirkung von schon getrennten Ladungsträgern stellt dabei eine Lim-
itierung bei hybriden Heterostrukturen dar. In einer früheren Arbeit
wurde gezeigt, dass eine verbesserte Stromausbeute möglich ist wenn
Farbstoffmoleküle verwendet werden welche kovalent an das Metalloxid
gebunden sind. Die Photostromausbeute aus dem Donator Polymer ist
erhöht, wenn Exzitonen über eine resonante Dipolwechselwirkung auf
das Farbstoffmolekül übertragen und an der Grenzschicht zum Metal-
loxid getrennt werden. Im Rahmen dieser Arbeit wird die Effizienz
einer solchen Wechselwirkung am Beispiel von vier verschiedenen Poly-
meren und zwei Farbstoffmolekülen erfolgreich verallgemeinert und
weitere Strategien aufgedeckt, welche einen solchen Umweg nicht er-
fordern. Durch die Verwendung neuer Benzothiadiazol-Oligomere wird
die Energielandschaft an der Donator-Akzeptor Grenzfläche dafür gezielt
modifiziert und der Wirkungsgrad um mehr als 60% verbessert. Diese
Verbesserung des Wirkungsgrades ist auf eine reduzierte Rekombination
von Ladungsträgerpaarzuständen an der Grenzfläche zurückzuführen,
welche durch eine Energiekaskade und Grenzflächendipole verbessert
wird. Neben einem tieferen Verständis zur Aufspaltung von Exzito-
nen hat diese Arbeit zum Ziel, die Migration von Exzitonen genauer
zu beschreiben. Dabei wird ein Diffusionsmodel verwendet, welches
aufgrund widersprüchlicher Beobachtungen am Beispiel von poly(3-
hexylthiophen) in Frage gestellt wurde, sich aber an vielen organischen
Systemen bewährt hat.
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Mit Hilfe von temperaturabhängigen Photolumineszenz- und Ellipsome-
triemessungen wird dabei gezeigt, dass dynamische Strukturänderungen
eine wesentliche Rolle spielen können und der Glasübergang den Diffu-
sionsprozess unterbricht. Im letzten Kapitel wird deshalb untersucht, ob
und wie es möglich ist durch definierte Grenzflächenwechselwirkungen
die Polymermorphologie zu beeinflussen, um damit auch den Diffusions-
prozess in Richtung einer für Ladungstrennung geeigneten Grenzfläche
zu verbessern.
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Chapter 1

Introduction

Motivation: Organic Semiconductors for Solar Cell Application

Organic electronics have attracted an incredible scientific interest, at the latest
since Heeger, MacDiarmid and Shirakawa have been awarded with the Nobel
Price in Chemistry for the discovery of conductive polymers [1, 2]. Unlimited
design possibilities enable the realization of unique optoelectronic properties
which pave the path for new technologies such as biosensors, neural probes,
biosensors actuators for drug release, curved displays, lightning panels or flexi-
ble solar cells [3–7]. Especially, in the course of a changing energy policy steering
away from fossil fuels towards renewable and sustainable energy sources, new
energy management concepts have to be developed in which organic semicon-
ductors present an interesting alternative to conventional photovoltaic materi-
als.

FIGURE 1.1: Scheme of the charge separation process from an
excitonic state in organic solar cells. After light absorption (1) ex-
citons have to migrate to a donor-acceptor heterointerface (2) in
order to be separated. Exciton dissociation (3) is usually followed
by the occupation of a charge transfer state, which needs to be
separated prior to carriers can be transported towards the elec-
trodes (4). Optical excitation occurs from the highest occupied
state (defined by the ionization potential (IP)) of the involved
material into its lowest unoccupied state (defined by the electron

affinity (EA)).
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For a widespread use and commercialization, however, it is necessary to im-
prove not only the stability of employed materials [8, 9] but also the power con-
version efficiency (PCE) of solar cell devices [10, 11]. The PCE defines the ratio
of the maximum electrical power output (Pmax) from a solar cell to the power
input (Psun) from solar irradiation:

PCE =
Pmax

Psun
=

Voc · Jsc · FF

Psun
(1.1)

with the open circuit voltage (Voc), the short circuit current (Jsc) and the fill factor
FF . Under illumination the JSC can be equalized with the photocurrent under
zero bias, while FF and Voc describe its electric field dependence. In princi-
ple, the Jsc is the spectral integral over the external quantum efficiency (EQE),
i.e. the ratio of generated electrons per incident photon. Therefore, the EQE
depicts the most basic and fundamental quantity that characterizes a solar cell
performance and includes the full information on physical processes relevant for
charge generation (see Figure 1.1) [12, 13]. Upon light absorption, Frenkel exci-
tons are formed in organic semiconductors (1) which exhibit relatively strong
Coulomb binding energies. In order to separate such electron-hole pairs, exci-
tons have to migrate to a donor-acceptor heterointerface (2) where dissociation
takes place (3). For successful exciton dissociation, the energy gap of the lowest
unoccupied electronic states between donor and acceptor has to be larger than
the exciton binding energy [14, 15]. Typically, exciton diffusion lengths are in
the range of a few nm [16] such that complicated nanostructures have to be fab-
ricated to ensure a high exciton harvest efficiency. The dissociation process can
be followed by the occupation of a charge transfer state (an electron-hole pair
across the donor-acceptor) prior to carriers are fully separated and transported
towards the electrodes (4). Accordingly, the EQE is defined by the efficiency
product of these processes:

ηEQE = ηabs · ηsep · ηCT · ηdiff · ηtrans (1.2)

with the efficiency for light absorption ηabs, exciton separation ηsep, charge trans-
fer state separation ηCT , exciton diffusion ηdiff and charge transport ηtrans. This
thesis aims to gain a deeper understanding in these processes with the focus
on exciton dynamics and the charge carrier interaction at heterointerfaces. In
particular, the fundamental physical concept of exciton dissociation shall be re-
vealed for an organic-organic donor-acceptor interface. Further, it will be inves-
tigated how this process is influenced if the organic acceptor material is replaced
by an inorganic semiconductor with a focus on the questions: What is the physi-
cal mechanism driving exciton dissociation of non-covalently bound interfaces?
Is there a fundamental difference to an organic-organic interface and how can
this interaction be improved? In this context, CT states are revealed as a major
loss channel in the exciton dissociation process, but design rules will be offered
to overcome those limitations. Furthermore, this work offers new insights in
the exciton diffusion process and possible strategies are developed to engineer
surface energetics for an improved directional exciton transport.
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Outline

This thesis offers a wide range of insights in exciton dynamics in organic thin
films and illustrates not only limiting factors for exciton separation and diffu-
sion but also aims to motivate future strategies to unfold the full capabilities of
organic solar cells.

In Chapter 2, the fundamental concept of organic semiconductors is summa-
rized including the basic principles of exciton generation, separation, transport
and recombination.
This is followed by a description of frequently applied experimental methods,
including a detailed description of their calibration and working principle in
Chapter 3.

Recently we showed that charge generation is more efficient for hybrid het-
erostructures if excitons are transferred resonantly from the polymer donor to
a dye molecule which is chemically bound to the metal oxide acceptor. There-
fore, Chapter 4 focuses on the question whether conclusions from [17] are gener-
ally valid or if it is necessary to make some essential restrictions. This question
is studied with eight different polymer-dye combinations for which the energy
transfer efficiency can be varied systematically.

Chapter 5 focuses on the question whether such energy transfer processes are
generally needed to develop efficient hybrid solar cells or if there are pathways
to separate excitons directly. To gain a deeper understanding in the fundamen-
tal concept of the charge generation process a fullerene acceptor is compared
to the metal oxide TiO2. By means of transient absorption spectroscopy, carrier
dynamics are investigated and we reveal intrinsic differences among the two
systems with a time resolution of 10 fs. Those help not only to understand the
physical mechanism of successful exciton separation but also reveal the bottle-
neck of hybrid solar cells.

In Chapter 6, the exciton separation efficiency is investigated on chemically and
physically bound organic semiconductors to a metal oxide surface [18–20] by
employing novel benzothiadiazole based thiophene oligomers as an interlayer
in between TiO2 and poly(3-hexylthiophene) (P3HT). It will be demonstrated
that the energy offset between the metal oxide and the polymer is the major
driving force for exciton dissociation while an additional driving force (such as
a physical spacer or a push-pull building block) is needed to separate charges
efficiently at hybrid heterointerfaces offering only a physical bond.

The polymer P3HT is further used to investigate the exciton migration process
by means of temperature dependent and time resolved photoluminescence spec-
troscopy in combination with low-temperature spectroscopic ellipsometry. In
this context it will be shown in Chapter 7 that excitons generally follow a simple
diffusion/hopping model while dynamic changes can break the electronic cou-
pling of neighboring orbitals and limit exciton diffusion at the glass transition
temperature.
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In general, the polymer morphology and aggregation play a crucial role in car-
rier/exciton transport since they are determinant for the width of the electronic
density of states. Therefore, in Chapter 8 it will be shown how and to which
extent surface characteristics can influence the aggregation process when poly-
mer films are spin-coated. Findings from this Chapter will help to manufacture
thicker films due to a more directional exciton diffusion process. This increases
not only the average exciton diffusion length but also enables the fabrication of
more macroscopic heterostructures which reduces the recombination probabil-
ity of already separated charges [13, 21].

In the end of each Chapter there is a summary of findings while a general con-
clusions is given in Chapter 9 which is followed by an outlook in Chapter 10.
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Chapter 2

Excitons in Organic
Semiconductors

2.1 Organic Semiconductors

2.1.1 Electronic Structure

Organic semiconductors cover a wide range of materials which consist of a con-
jugated π-electron system due to a sp2 hybridization of carbon atoms. Carbon
exhibits six electrons, of which two are in a 1s state, two are in a 2s state and two
are in 2p orbitals. For sp2 hybridization, the 2s orbital mixes with the 2p orbitals,
such that three equivalent orbitals are formed while one electron is moved into
the third unoccupied 2p orbital. The three hybridized orbitals form bonding and
anti-bonding σ-orbitals to neighboring atoms and arrange in a plain at an angle
of 120◦. In contrast, the 2p-orbitals will be paired by two neighboring carbon
atoms perpendicular to this plain (π-bond) (see Figure 2.1 a).

FIGURE 2.1: a) Energy diagram of carbon orbitals in its atomic
state and a sp2 hybridization. b) Energy diagram of σ- and π-

bonds in a conjugated polymer upon sp2 hybridization.

The spatial probability density of π-bondings is therefore below or above the
backbone of the molecule and electrons are strongly delocalized. π-electrons are
characterized by weaker binding energies relative to strongly coupled electrons
in σ-orbitals. Consequently, the lowest electronic excitations are π-π∗ transitions
and optical as well as electrical properties are defined by those orbitals (Figure
2.1 b). Although carbon and hydrogen depict the major building block, chemical
modification with oxygen, sulfur, nitrogen or fluorine is often applied to change
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the electronic properties. Depending on the intended application, it is possi-
ble to tailor absorption characteristics, electronic conductivity, processability or
mechanical properties.

2.1.2 Conjugated Polymers

In general, one differentiates between low-molecular weight materials and poly-
mers. Low-molecular weight material films are usually fabricated from their
gas-phase, which allows for controlled film growth featuring high crystallinity
and molecular order. In contrast, polymer films are produced from solution
such that control of the film formation process is only limited and manufactured
films are widely amorphous. A polymer is called homopolymer, if individual
monomers are identical in nature while copolymers consist of more than one re-
peating building block. A prototypical homopolymer is poly(3-hexythiophene)
(P3HT, shown in Figure 2.2), which consist of many repeating thiophene units.

FIGURE 2.2: Chemical structure of poly(3-hexylthiophene)
P3HT. The polymer backbone consist of thiophene monomers of-
fering a conjugated electron system. For identification, atoms in
the thiophene ring are numbered clockwise, starting with 1 at
the position of sulfur. On position 3, a hexyl side chain is linked.
Side chains are needed to allow for a good solubility in organic
solvents. If side chains are either in position 3 or 4 the polymer
is marked as regiorandom (rra) P3HT, while a defect free linkage

to 3 is denoted as regioregular (rr) P3HT

Although electronic properties are defined by the π-conjugated backbone, poly-
mers usually exhibit alkyl side chains to facilitate solubility in common organic
solvents. For a defect free polymer backbone, side chains are in perfect head
to tail geometry. This defines a high regioregularity and ensures interdigitated
side chains with a reduced interbackbone distance. This improves not only the
intermolecular electronic coupling and van der Waals interaction but also en-
hances charge carrier mobilities. The importance of high crystallinity and its
dependence on processing will be discussed in Chapter 7 and 8 in more detail.
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2.2 Excitons in Neat Polymer Films

2.2.1 Generation

The description of photon interaction with matter is manifold and depends on
photon frequency, material composition and dimension. A transformation of
energy is possible, if the photon frequency is resonant to characteristic mate-
rial frequencies of phonons or electrons such that the electric field component
of the incident wave polarizes the material. This polarization ~P induces a dis-
placement current which interacts with the electric field ~E of the electromagnetic
wave. Dynamics of electrons and nuclei in condensed matter are commonly de-
scribed within the Lorentz oscillator model, i.e. damped harmonic oscillators.
In this model the induced electric polarization is given by:

~Pind(ω) = χe(ω)ǫ0 ~E(ω) = N~µ (2.1)

where χe is the complex electric susceptibility, ǫ0 the vacuum permittivity and
~µ the induced electric dipole moment of N oscillators per unit volume. The
amount of dissipated energy U is given by the divergence of the Poynting vector
~S, or rather the attenuation characteristics of the material:

〈
rate of energy transfer

volume

〉
= −∂u

∂t
= ~∆~S =

1

2
~E
∂ ~D

∂t
(2.2)

In this equation Poynting’s theorem has been applied utilizing the energy den-
sity u and the electric displacement field ~D. For semiconductors, photons are
absorbed if their energy is larger than the bandgap between valence band max-
imum and conduction band minimum which results in the formation of an ex-
citon, i.e. a neutrally charged electron-hole pair. The attracting Coulomb force
between electron and hole is partially screened by surrounding electrons. In
inorganic semiconductors this dielectric screening is relatively strong due to a
high electric permittivity. As a result, electron-hole distances are larger than the
lattice spacing and the Coulomb binding energy of an exciton gets in the range of
kBT=25 meV. This is in contrast to organic materials, where a lower electric per-
mittivity (ǫ ≈3-4 [14]) causes the formation of Frenkel excitons. These excitons
are characterized by a stronger electron-hole localization and binding energies
are in the range of 0.1-1 eV [15, 22–24]. Depending on the energy landscape
and crystal structure, charge delocalization can reduce Coulomb forces signif-
icantly by decreasing the effective carrier mass [14]. This property leads to a
hybrid character of excitons in the case of polymers or single walled nanotubes
which exhibit an extended π−conjugated backbone[25]. In organic semiconduc-
tors, there is a strong electron-electron interaction which leads to a polarization
of the local environment such that atomic bond lengths are changed. Conse-
quently, charge carriers are called polarons and coulombically coupled charge
carriers form a polaron pair.

2.2.2 Transport

Two transport regimes have to be differentiated for excitons in organic semicon-
ductors. First, there is coherent exciton transport, in which excitonic coupling is
much larger than exciton-phonon coupling. In the course of this regime, excitons
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are in a hot non-thermalized state in which several neighboring chromophores
share the exciton wave function equally. Thermalization of excitons takes place
on a timescale <200 fs [26–28]. In this state, exciton-phonon coupling is stronger
than intermolecular interaction and the excitation is localized on one molecule
or chromophore.

hot excitons thermalized excitons

FIGURE 2.3: Scheme of exciton delocalization in a hot (left) or
thermalized state (right)

Incoherent exciton migration can occur either via a radiative process involving
emission and re-absorption of a photon, or it occurs non-radiatively via a hop-
ping from one site to another. The latter process has been successfully described
by two models, namely Förster resonance energy transfer (FRET) and Dexter
energy transfer (DET). Both models are based on strong exciton localization and
short range dipole interactions, which limit exciton diffusion to length scales be-
low 20 nm [29]. FRET describes exciton migration via transition dipole-coupling
of neighboring molecules with transfer rates of:

kf (r) =
1

τ0
= kd

(
R0

r

)6

(2.3)

In this equation τ0 is the exciton lifetime, kd is the donor emission rate, r the
inter-chromophore distance and R0 the Förster radius which is given by [24]:

R6
0 =

9 ln(10)ΦP lκ
2

128π5n4NA

∫
λ4FD(λ)σA(λ)dλ (2.4)

with the fluorescence quantum yield ΦP l of the donor site, the transition
dipole orientation factor κ, the refractive index n, Avogadro’s number NA, the
normalized photoluminescence spectrum of the donor site FD(λ) and the ab-
sorption cross section σA(λ) of the exciton accepting chromophore. As expressed
in equation 2.4, the Förster radius is larger for increasing overlap of the photo-
luminescence spectrum of the exciton carrying donor with the absorption spec-
trum of the accepting site. Consequently, in the description of FRET one has to
take structural order into account which does not only impact the dipole ori-
entation factor but also the photoluminescence quantum yield due to reduced
non-radiative decay channels. In addition, the dipole coupling character results
in strong distance dependent transfer rates (∝ r−6). FRET is based on a point-
dipole approximation and has often been proven to be inaccurate on a quan-
titative basis for polymers since the electrodynamic coupling for cofacial and
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head-to-head transition moments is under- or overestimated [30]. Also a com-
plicated micro-structure and structural disorder are not described sufficiently
and intermolecular interaction is neglected due to thermally induced vibrations
and molecular motion [31]. Furthermore, structural disorder along the polymer
backbone can break the π-conjugation and forms a chromophore. Such chro-
mophore subunits act independently, i.e. each chromophore can absorb light
and contributes to a broad density of states (DOS) [24].

FIGURE 2.4: Energy transfer processes in organic semiconduc-
tors. Left: Förster resonance energy transfer (FRET) via dipole
coupling of donor and acceptor. Right: Dexter energy transfer

(DET) via charge exchange of donor and acceptor.

In contrast to FRET, Dexter energy transfer (DET) describes exciton migration
via charge exchange of chromophores in close proximity. For this purpose,
chromophores have to share electron orbitals which cause a short-range energy
transfer and small diffusion coefficients [29]. The transfer rate for DET is given
by:

kd(r) = K · J · exp
[
−2r

L

]
(2.5)

with K describing the orbital interaction, J the spectral overlap integral of the
two interacting chromophores, r the donor-acceptor distance and L the van der
Waals radius. While FRET is only able to describe singlet excitons, DET explains
triplet exciton diffusion too.

2.2.3 Recombination

Franck-Condon-Principle

Photon absorption by a molecule can be described within Franck-Condon’s prin-
ciple, which is schematically shown in Figure 2.5. It is based on the adiabatic ap-
proximation, i.e. electronic and nuclear coordinates can be separated because of
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a much lower electron mass compared to the nucleus. Although electronic tran-
sitions are instantaneous and vertical from the ground (S0) to the exited state
(S1), a molecule undergoes a geometric rearrangement upon excitation. This is
due to a more delocalized electron orbital in the excited state, such that nuclei
potentials "push" away their nearest neighbors. As a result, the potential energy
surface is displaced along the nuclear coordinate, a process that is described by
the effective Huang Rhys factor λ2

eff . The effective Huang Rhys factor can be
used as an indicator for the coupling strength of a potential center with its ma-
trix. In this context, a larger λ2

eff implies a larger nuclear shift and interaction of
the excited center with its surrounding [32]. In organic semiconductors a strong
electron-phonon coupling leads to simultaneous changes in electronic and vi-
brational energy after photon absorption. Vibrations can be approximated with
a harmonic oscillator model, in which only one vibrational frequency is dom-
inant. For most conjugated organic semiconductors this frequency is given by
the C=C stretching mode at ~ω ≈ 0.17 eV. The transition probability from the
0th vibrational ground state into the nth vibrational excited state depends on the
overlap integral of wavefunctions. Thermal expansion or rather larger equilib-
rium distances between charge pairs, due to temperature influences, can lead to
anharmonic potential energy surfaces as shown in Figure 2.5.

FIGURE 2.5: Franck-Condon principle describing optical transi-
tions from an electronic ground state S0 to an excited state S1.
Due to intramolecular vibrational coupling transition probabili-
ties depend on wavefunction overlap between vibrational eigen-
states in S0 and S1 (left). Due to aggregation, dipole moments of
neighboring chromophores can couple to each other, forming ex-
citon bands of width W. In H-aggregates (strong intermolecular
interaction - in π-direction) the 0-0 transition is dipole forbidden
and super radiative in J-aggregates (strong intramolecular inter-

action - along the backbone)
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According to Kasha’s rule recombination of excitons occurs always from the
lowest excited state, i.e. the vibrational ground state of S1 to any vibrational
state in S0. Vibrational cooling in combination with electronic energy transfer to
lower energy sites in organic thin films causes a commonly large spectral Stokes
shift between absorption and photoluminescence. This makes multi-crystalline
or amorphous organic materials almost transparent for their own fluorescence.

Photoluminescence in Organic Semiconductors

Due to Franck-Condon’s principle PL spectra show several equidistant peaks
that are separated by the dominating phonon energy to which the excitation
couples to. At T=0 K the spectral shape is described by a Poisson distribution
taking the overlap integral of wavefunctions for the transition probability into
account:

I(n) = e−λ2

eff

(
λ2
eff

)n

n!
(2.6)

with n describing the vibration number. As a result, we observe higher phonon
replicas if λ2

eff is increasing [32]. In addition, transition lines are not sharp delta-
functions but broadened due to zero-point oscillations and homogenous broad-
ening caused by a finite excited state lifetime. Also inhomogeneous broaden-
ing contributes to the line shape due to a variable parameter matrix near any
localized excitation center creating a phonon energy distribution. The dipole
coupling strength is therefore given by a statistical morphology distribution,
expressing in a Gaussian peak shape [33]. Also intramolecular disorder, in-
duced for example due to chain conformation, can contribute to inhomogeneous
broadening. After carrier thermalization, electronic excitations are localized on
such individual chromophores and a polymer backbone can, in principle, carry
more than one excitation.

en
er
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S0

S1

S0

S1

J-aggregates H-aggregates

monomer monomerdimer dimer

phase relation 

of 

dipole oscillations

FIGURE 2.6: Splitting of energy levels due to dipole interaction
on the example of dimers. Arrows indicate the relative phase
relation. This scheme simplifys the situation in aggregates but
can readily be extended for an aggregation of N chromophores
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Impact of Aggregation

Frank Condon’s principle has been shown to describe absorption and emis-
sion spectra of single molecules or polymers in solution accurately. Already
for two interacting molecules, however, this picture has to be modified. Van
der Walls or rather dipole forces shift not only orbital states to lower energies
but also enhance the inter-chromophore interaction. This interaction is either
intramolecular along the backbone or intermolecular in π-stacking direction.
Aggregates with large intramolecular order are named J-aggregates while in-
termolecular order characterizes H-aggregates. For the sake of simplicity, the
discussion is focused dimers (see Figure 2.6). Conclusions and consequences on
the transition spectra of dimers can readily be transferred to a larger ensemble.
In dimers, energy levels are 2-fold degenerate because of two possible configura-
tions of relative dipole phase orientations. For a parallel backbone orientation -
like in H-aggregates - the lower energetic state is given by an anti-parallel dipole
oscillation since parallel oscillations cause a repulsive Coulomb force. In an anti-
parallel oscillation, however, dipoles cancel out and the absorption/emission
probability is minimized. A head-to-tail configuration of neighboring molecules
(J-aggregates) reveres the energetic relation of neighboring dipole oscillations,
i.e. the 0-0 transition is enhanced or even super-radiative (Figure 2.5) [34–37].
By evaluation of the 0-0 transition of absorbance and photoluminescence spectra
it is therefore possible to investigate polymer aggregates and morphology with-
out the need for local scanning probe measurements. In this context, one has to
consider that disorder can break symmetry and induce 0-0 transitions contribu-
tions while always both types of aggregation are present in a polymer thin film.
Usually one type of aggregation is dominant and a careful analysis of spectra
is mandatory. A more detailed description including theoretical models can be
found elsewhere [35, 37–40].

2.3 Exciton Separation at Donor-Acceptor Interfaces

FIGURE 2.7: Overview of energy relaxation upon photon absorp-
tion occurring in a charge generation process typical for organic

semiconductors.
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2.3.1 Organic-Organic Interfaces

Due to strong exciton binding energies, charge generation in organic semicon-
ductors differs fundamentally from its inorganic counterparts. Also, the scatter-
ing length of excitons is significantly reduced due to weak van der Waals forces
between constituent molecules. This hampers not only the separation process
of excitons, but also enhances the recombination of diffusive excitations. As al-
ready introduced in the previous chapter, charges can still be bound in a CT state
once excitons are dissociated at a suitable donor-acceptor heterointerface. The
separation of CT states has found various explanations in the literature while
an accurate and fundamental explanation is still subject of active research. For
many systems the Onsager-Braun model has been used to describe the disso-
ciation of such eh-pairs. In this model a CT state exhibits a finite lifetime for
geminate recombination, which can be reduced via field or temperature assisted
charge separation (as illustrated in Figure 2.8). In recent experiments this con-
cept has been proven to be inaccurate since the separation yield does not al-
ways depend on the temperature and electric field [41–45]. Instead, the influ-
ence of electronic excess energy and morphology has to be taken into account
and seemingly conflicting findings could be explained [44, 46–48]. A drawback
in virtually all studies is the lack of information about inter-charge distances as
a function of time. Vithanage et al. [49] and Gelinas et al. [50] followed this
important question and investigated local changes in the electric field caused by
the presence of interacting charge pairs. Gelinas et al. found that the exciton
dissociation process happens on an ultrafast timescale (<40 fs) which leads to a
coherent charge pair state that is separated by approximately 4-5 nm [50]. This
distance is large enough for a thermally assisted separation if delocalized band
states are provided. This is in line with similar investigations [45, 49], show-
ing compelling evidence that an escape process takes place on a ps time scale
involving a diffusion process of localized charge carriers (charge pair distance
<1 nm).

FIGURE 2.8: Scheme of a charge separation process at a donor-
acceptor interface

Free Charges in Neat Polymer Films

Despite the presence of Frenkel excitons, it has been observed that exciton dis-
sociation can also occur in neat polymer films [27, 51–55]. In this connection,
Paquin et al. [51, 56] explain their observations by the presence of ordered and
disordered domains which form a heterointerface which is sufficient for charge
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carrier splitting. Also hot exciton dissociation [27, 57] or exciton-exciton anni-
hiliation [58, 59] are consulted to explain the occurrence of free carrier forma-
tion in neat polymer films. Commonly, these conclusions are based on ultrafast
pump-probe measurements in which spectral signatures are often puzzling. In
fact, terahertz photoconductivity experiments show that free charges are not ob-
served on a sub-ps time scale [57, 60]. Instead, polaron related signals can also
arise from excimer states, i.e. neighboring excited polymers share the same fron-
tier electron density [25]. By comparing results from different studies, Reid et
al. point out that a photoexcitation appears to be a mixture of intrachin exci-
tons and bound interchain states like excimers, while free charges only result
from the former state. Chain foldings can facilitate charge photogeneration, be-
cause they appear as defects in the delocalized π-orbital system of a polymer
backbone.

"hot or cold" - Influence of Excess Energy

There is increasing evidence that exciton dissociation concurs with thermaliza-
tion, a process which takes place on a sub 100 fs timescale [28, 47, 61]. In this
context, it is important to reveal the role of excess energy that is not dissipated
during internal conversion. It has been observed [47, 62] that enhanced charge
separation occurs if polymers are excited with photons of higher energy then
the optical gap energy. The authors find that both charge transfer states as well
as free polarons are created within 50 fs, while the probability for charge disso-
ciation is larger for "hot" CT states.

FIGURE 2.9: Charge separation via three possible mechanism, i.e.
(1) the access of higher energetic states which are more delocal-
ized, (2) via being in a "hot" non-thermalized carrier state or (3)

out of fully localized conditions.

These findings are in contrast to studies showing that the spectral photocurrent
response is not reduced if the CT ground state is directly accessed. Accordingly,
excess energy is dissipated before CT states dissociate [63, 64]. Recent field-
dependent charge extraction measurements [65] reveal that charge generation is
enhanced only if higher electronic states are reached, while no significant effect
is observed in the presence of vibrational excess energy [65]. In this context,
Jailaubekov et al. could demonstrate that the binding energy of a fully relaxed



2.3. Exciton Separation at Donor-Acceptor Interfaces 15

CT state is usually too large to be overcome via thermal activation except delo-
calized electronic states are available [66]. For this reason, the interfacial energy
landscape is ascribed to be responsible for efficient charge separation out of re-
laxed CT states.
The Arkhipov-Baranowski model [67, 68] therefore describes the electron-hole
pair by a combination of potential and kinetic energy. The latter is influenced
by the delocalization of wavefunctions over multiple π-conjugated repeat units
and has to be interpreted as zero-point oscillations within the Coulomb potential
of opposing charge carriers. Therefore, the energy needed for escaping the CT
state is reduced by the energy of zero-point oscillations. If a hole is delocalized
within the conjugation length of a polymer chain, order is determinant for ef-
ficient charge separation since the zero-point oscillation energy scales inversely
with the effective mass √meff of the oscillating particle [44, 69]. Seemingly con-
flicting findings on the role of CT states, evoke the question whether they are
relevant for efficient charge separation and if they are occurring always as an in-
termediate step prior to successful charge dissociation. Based on various models
presented above, it is further not clear whether excess energy, energy cascades,
charge delocalization, coherence and/or mesoscale morphology are the most
determinant in overcoming strong binding energies of a CT state. It is found
that recombination exhibits rather temperature and excitation energy indepen-
dent radiative emission rates [70]. Therefore, a CT state is seen as a deep trap
at the interface forcing geminate recombination, in which radiative emission is
mainly controlled by intrachain disorder and only limited influence is attributed
to the mesoscopic order [71]. By means of time-resolved Stark spectroscopy on
a small molecule fullerene interface, Devizis et al. [72] could demonstrate that
charge pairs, formed on an ultrafast time scale, are separated by less than 4 nm.
This rather short distance results in a bound CT state, which dissociates on a ps
time scale. Consequently, the authors rule out "hot" CT state to by a dominat-
ing process for charge separation but rather see the escape of such a Coulomb
potential as a rate-limited process which can be improved by wavefunction de-
localization.

Role of Coherence

Song et al. [73] have studied the role of coherence in a charge transfer pro-
cess by means of a two dimensional electronic spectroscopy. On the example
of P3HT, it is seen that vibrational coherence is transferred from the exciton to
a polaron. It is observed that the polaron absorption is increasing after vibra-
tional relaxation (dephasing time 240 fs [74]) as a consequence of dissociation
of thermalized excitons. By separating vibrational coherence from the electronic
ground state and excited state, a very slow dephasing rate of approximately
240 fs is found and interpreted as indication that vibrational coherence concurs
with electron transfer and could significantly influence the charge separation
process [74]. Further evidence for exciton separation prior to structural relax-
ation is given by Provencher et al. [75]. The authors apply femtosecond stim-
ulated Raman spectroscopy and reveal the emergence of polaronic vibrational
signatures on the polymer backbone on a sub 100 fs timescale with only limited
molecular reorganization or vibrational relaxation. Consequently, localized CT
states are not seen to be a neccessary state in a charge generation process. In this
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context, Abramavicius et al. [64] demonstrate that already the weak coupling be-
tween fullerene molecules promotes efficient electron delocalization and mark
500 fs as transition at which coherent states turn into classical hopping processes
while charge transfer has taken place prior to exciton localization. There is also
evidence that charge transfer is mainly driven by the coherent wavelike motion
of strongly coupled electrons and nulei on a fs timescale [76, 77]. Directly af-
ter polymer excitation a coherent vibrational motion in PCBM is observed as a
result of coherent electron transfer between donor and acceptor. The authors
interpret these results as signature of vibronic coupling between electronic and
nuclear degrees of freedom which are necessary to trigger charge delocalization.
Consequently, charge transfer is enhanced when the frontier orbital oscillation
periods of donor and acceptor are brought into resonance. Theoretical calcula-
tions suggest [78], that delocalization reduces interfacial charge trapping which
enhances the formation of free charge carriers such that interfacial trapping does
not necessarily lead to geminate recombination but can contribute to free carrier
formation if the nanoscale ordering is large enough [78].

Role of Morphology

FIGURE 2.10: Scheme of nanoscale morphology in polymer
(donor)-fullerene (acceptor) blends which consist of pure phases
that are either aggregated or amorphous and mixed phases. De-
pending on aggregate size, crystallinity and amount of building
blocks frontier orbitals are shifted compared to its intrinsic ion-

ization potentials EIP and electron affinities EEA.

Although it is not clear whether and to which extent coherent carrier separa-
tion takes place, the importance of wavefunction delocalization is demonstrated
extensively. Delocalization is largely achieved by a high crystallinity of organic
building blocks [45, 79–83] as also shown in various theoretical studies [78, 84].
In this respect, Zhong et al. [79] observe slower polaron formation dynamics
for increasing energetic disorder which is consistent with findings on the model
polymer P3HT [85]. Besides, charge separation is driven by electrostatic forces
which are determined by an interplay of molecular order and interfacial mixing
of donor and acceptor [86]. Also the molecular orientation is shown to impact
mesoscale electric fields, especially if a multipole molecular structure exists. In
an optimized orientation such multipole moments can locally boost a charge
separation process because the Coulomb barrier is efficiently reduced. Addition-
ally, interfacial mixing can result in a beneficial energy cascade which improves
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a push-out effect even further [14, 86–88]. Especially the first mono-layer ener-
getics are determinant not only for the CT energy [88] but also for weakening of
its Coulomb binding energy [89].

2.3.2 Hybrid Organic-Inorganic Interfaces

Processes described so far are based on pristine organic-organic interfaces. In
hybrid solar cells, however, the organic acceptor is replaced by inorganic semi-
conductors like TiO2 or ZnO. Metal oxides exhibit a high carrier mobility as
well as mechanical and chemical stability [9, 90, 91]. High carrier mobilities are
a result of a low carrier effective mass [9, 16] which can result in hybrid charge
transfer states (HCT). In a HCT state only the hole is localized on the organic
semiconductor [92, 93] while the electron wavefunction is delocalized in the
conduction band of the metal oxide, i.e. a reduction in the CT state’s binding
energy should occur [85]. Trap states, however, localize electrons at the metal
oxide surface and recombination of geminate pairs is enhanced [94, 95, 95–97].
In liquid electrolyte solar cells, dye molecules sensitize the metal oxide sur-
face and act as additional absorber layer. Efficiencies of more then 13% are re-
ported [98], although the hole transporting electrolyte is transparent and cannot
contribute to the photocurrent process. Beside additional contributions in the
charge generation process, surface sensitization has several consequences on the
interface between a metal oxide and an organic donor material. Surface sensi-
tizers are chemically bound molecules or oligomers which do not only saturate
surface states, but also change relative interface energetics between donor and
acceptor [99]. In particular, the intrinsic dipole moment given by the molecu-
lar structure can be used to engineer interface energetics by tuning the vacuum
level energy of the metal oxide relative to the organic donor molecule [99].
Charge injection from dye molecules into TiO2 has shown to be very efficient
from both thermalized [100, 101] and non-thermalized conditions [16, 100, 102,
103] while electrons are not trapped in surface states [102]. In general, dynamics
are not dominated by the surface since intrinsic recombination rates are inde-
pendent on the surface to bulk ratio [104]. Hybrid solar cells try to improve
the performance of dye-sensitized solar cells by applying polymers as hole con-
ductor and donor material. In contrast to a liquid electrolyte, polymers extend
the absorption range of dye molecules and therefore the photo-response of solar
cell devices is expected to increase. Despite such conceptual advantages, power
conversion efficiencies have stayed rather low, while limiting factors are widely
unknown and rarely studied so far. In a recent study, we have investigated
the interaction of excitons at a polymer-dye interface using the model polymer
P3HT as organic donor [17]. In principle, there are three types of interaction that
have to be differentiated. First of all, excitons on the polymer can be dissociated
at an interface to a dye molecule, if the EA energy of the dye is lower in energy
than the EA of the polymer.
This system was investigated using the fullerene derivative [6,6]-Phenyl C61 bu-
tyric acid (PCBA) and is called exciton dissociation (ED) system. PCBA exhibits
a high electron affinity and has been used successfully to suppress interface re-
combination [105]. Alternatively, excitons are transferred resonantly to the dye
molecule via FRET and charge separation occurs at the dye/metal oxide surface.
This energy transfer (ET) system was realized with the squarine dye SQ2 [106].
The third system in this comparison uses the indoline dye D131 which exhibits
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a lower EA than the polymer and therefore photocurrent can be generated from
the dye only (DO) [107]. All processes are summarized in Figure 2.11 including
the chemical structures of the dye molecules.

FIGURE 2.11: Top: Dye molecules that are used as model sys-
tems in a charge generation process in hybrid solar cells. Bot-
tom: Scheme showing the photocurrent generation process at
the dye/metal oxide interface (left) and the polymer/dye inter-
face (right). After photoexcitation of the dye (1) exctions diffuse
to the TiO2 interface (2) or directly separate (3). After success-
ful charge injection charges are transferred to the contacts via
TiO2 and the hole transporting material (HTM). If excitons are
generated on the polymer they either separate at the interface to
the dye molecule (i) or they are transferred via FRET and charge
separation happens exclusively on the dye molecule (ii). Exci-
tons on the HTM which are not involved in either process recom-
bine again. Reprinted with the permission from [17]. Copyright

(2017) by the American Physical Society.

Among this comparison the highest power conversion efficiency was obtained
for the ET system because of largest photocurrent contributions out of the poly-
mer. Moreover, the DO system exhibits the highest Voc, FF and charge collection
efficiency. This suggests not only that recombination of free carriers is reduced
if the HTM is not involved in the charge generation process but also that hole
transfer from the dye to the polymer is more efficient than electron transfer from
the polymer to the acceptor. This finding is emphasized by a strong field depen-
dence of charge collection for the ED system.
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Chapter 3

Methods

In this section experimental as well as computational methods shall be sum-
marized which have been used in this work comprehensively. Besides a brief
report of standard optoelectronic methods, a detailed description of photolumi-
nescence setups will be given. These setups have been established as a part of
this work.

3.1 Optoelectronic Characterization

J(V) and EQE Measurements

Current density-voltage characteristics J(V) as well es the external quantum ef-
ficiency (EQE) of solar cells is measured with a home-built fully automatized
setup that has been built as a part of another PhD-thesis were more details can
be found [108]. In brief, the setup consists of a Xe-lamp equipped with an air
mass 1.5 filter to simulate solar like conditions. The current-density response on
applied voltage is tracked with a Keithley 2400 sourcemeter. Solar cell substrates
consist of three pixels which are covered by a shadow mask in order to control
the active area precisely to be 0.133 cm2 [109]. By means of a Fraunhofer Insti-
tute certified Si-solar cell in combination with a KG5 filter, the power density
of the Xe-lamp was controlled to be 100 mW/cm2. For light intensity depen-
dent investigations a motorized reflective optical density filter wheel has been
installed. As introduced in Chapter 1, the EQE of solar cells is defined as the
product of light absorption efficiency ηabs and internal quantum efficiency ηIQE:

EQE =
#photogenerated electrons

#incident photons
= ηabs · ηIQE︸︷︷︸

ηsep·ηct·ηdiff·ηtrans

The internal quantum efficiency is given by the exciton separation efficiency ηsep,
the charge transfer state separation efficiency ηct, the exciton diffusion efficiency
ηdiff, and the charge collection efficiency ηtrans. In order to track the spectral
response of the current density at short circuit conditions, a low noise 100 W
LOT LSN111 tungsten lamp was used in combination with a LOT Omni 300
monochromator. In addition, a second tungsten lamp of the same type is used
as background illumination source to keep the solar cell under solar like con-
ditions. Due to this background illumination, the monochromatic light passes
a mechanical chopper and is analyzed with a Zurich Instruments MFLI lock-in
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amplifier at a frequency of 234 Hz. Again a certified Si-cell serves as calibra-
tion source to determine the number of incident photons on the solar cell. This
technique can be extended by measuring the field dependence of the EQE upon
light absorption. The yield of successful charge pair dissociation saturates, if the
the applied field across the active layer gets larger than the electric field strength
which is caused by the Coulomb potential of separating electron-hole pairs [65]:

e · Fsat =
e

4πǫ0ǫrd2
(3.1)

Fsat is the saturated electric field, ǫ0 is the vacuum permittivity, ǫr is the dielec-
tric constant and d the layer thickness in between the electrodes. The internal
electric field can be approximated by:

F = −V − Voc

d
(3.2)

with the applied voltage V and the open circuit voltage Voc which is approxi-
mately equal to the built-in field in a bilayer solar cell [65].

3.2 Structural & Material Characterization

Atomic Force Microscopy - AFM

For atomic force microscopy (AFM) a Bruker Mulitmode 6 has been used. In
tapping mode, topography and film thickness were recorded in a measurement
window between 1-20 µm2. For film thickness measurements. polymer films
where scratched with a scalpel. In order to keep piezo-crystal and feedback-loop
inaccuracies small, profiles have been measured on steps with minimal material
accumulation on the scratch-edges.

Photoelectron Spectroscopy in Air - PESA

Photoelectron spectroscopy in air (PESA) is based on the photoelectric effect
and has been performed with a RIKEN KEIKI AC-2. Using PESA, it is possible
to determine the ionization potential (IP) of organic semiconductors. The setup
is equipped with a deuterium discharge lamp, light attenuation filters and a
monochromator in order to selectively choose well defined photon energies be-
tween 3.4 and 6.2 eV. If the photon energy exceeds the work function/ionization
potential of a material, electron emission can be detected. The emission yield
shows a 3rd-root dependence on incident photon energy. More details can be
found in [110].

UV/Vis-Spectroscopy

For UV/Vis measurements an Agilent Cary 5000 spectrometer has been used that
is equipped with an integrating sphere. Samples were placed in the sphere cen-
ter using a Center Mount Sample Holder while the light beam was incident on the
sample under a small angle (typ. 10-15◦) to ensure a complete light collection in
the sphere, i.e. transmitted and reflected light. Furthermore, all measurements
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are baseline corrected, i.e. reference measurements of 100% and 0% transmission
have been done in order to determine the absorbance A(λ) of a sample:

A(λ) = α · d ∼= log10

(
Ii(λ)

It(λ)

)
(3.3)

In this formula d is the sample thickness, α the absorption coefficient, Ii(λ) the
incident light intensity and It(λ) the transmitted light intensity.

Variable Angle Spectroscopic Ellipsometry - VASE

In order to determine the frequency dependence of the refractive index n and the
extinction coefficient k of polymer materials a Woollam variable angle spectro-
scopic ellipsometry (VASE) setup was used in collaboration with Daniel Proep-
per1. If not mentioned differently, samples are spin-coated on Si wafers ([100]
surface). For temperature dependent scans a home-built UHV cold-finger cryo-
stat was used with a pressure as low as 10−10 mbar. For film thickness determi-
nation, the spectroscopic angles Ψ and ∆ were fitted with a three layer Cauchy
model consisting of a Si-substrate with a natural SiO2 layer (2 nm, as determined
on bare Si-wafers) and a polymer-thin film. Film thicknesses are determined in
a spectral range in which the polymer layer is not absorbing, e.g. P3HT between
1.2-1.8 eV. The complex refractive index ñ = n + ik was determined by a point-
by-point fit or a series of Tauc-Lorentz-functions, depending on the polymer that
is used (for more details, see further below in the description of results).

3.3 Transfer Matrix Algorithm

For the investigation of thin films, absorption can no longer be described with
a simple exponential intensity decay profile since typical film thicknesses are
below the penetration depth of visible light. Consequently, a description within
Beer-Lambert’s law becomes insufficient and inaccurate. Instead, one has to take
into account that a light beam is partially reflected or transmitted at each dielec-
tric interface. Subsequently, back-reflected light can interfere with an incident
light beam, which causes a standing wave in the film with thickness dependent
intensity maxima and minima. The prediction of resulting intensity distribu-
tions in such films has been successfully described using a transfer matrix algo-
rithm [111, 112]. It is based on Fresnel equations and schematically illustrated
in Figure 3.1.
The change in electric field at an interface between layer i and k is described
by an interface matrix Iik. In addition, matrix Lk is needed for each layer k to
describe attenuation of the plane wave or phase shifts. In a multilayer structure,
which is typical for organic solar cells, one has to account for N layers such that
the product of all matrices defines the total system transfer matrix S:

S =




N∏

j=1

I(j−1)jLj


 IN(N+1)

1has performed the measurements at the Max-Planck-Institut für Festkörperforschung,
Heisenbergstraße 1, 70569 Stuttgart, Germany
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In this work, a Matlab script is used2 which allows for a comparison of measured
spectra to the absorption of single and stacked multilayer films. In the simula-
tion, interfaces are assumed to be flat, materials are described to be isotropic and
homogenous, and the complex index of refraction is taken from ellipsometer
measurements. Furthermore, in the simulation the thin-film structure is sand-
wiched in between two infinite layers like air or glass.

FIGURE 3.1: Multilayer structure consisting of N layers in be-
tween two infinite transparent boundaries like air or glass (lay-
ers j = 0, N+1). Each layer j of thickness dj attenuates the electric
field E0 of an incoming electromagnetic wave. Depending on
the complex index of refraction ñj , Fresnel equations are used to
quantify the transmission (t) and reflection (re). The attenuation
within layer k is described by the matrix Lk, while the transfer
matrix Sl,r

k carries the information of the electric field propagat-
ing to the left and right respectively. Based on [111, 112]

3.4 Photoluminescence Spectroscopy

By means of photoluminescence (PL) spectroscopy, not only optical properties
of organic semiconductors can be investigated, but also conclusions on mor-
phology and electronic disorder are possible (see Chapter 2). For this purpose,
it is important to accurately calibrate a PL setup for spectral intensities. In this
section a detailed description of the calibration procedure is presented beside
a description of the working principle of the used setups3. The evaluation of
a proper calibration method has been an crucial part of this work, since both
setups have been planed, installed and put into initial operation. In general,
all PL measurements have been performed in a continuous flow cryostat (Janis
ST100) in evacuated atmosphere (pressure p < 10−5 mbar). This does not only
prevent samples from degradation, but also allows for temperature dependent
investigations in a range from 5-400 K.

2Provided and published by Burkhard et al. [113] which allows for the prediction of absorption
and IQE of flat multilayer structures.

3As a part of his mater thesis, this was a collaborated work with Alexander Graf
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3.4.1 Steady-State Measurements

Setup

Steady-state PL spectroscopy has been performed with a home-built setup4. The
setup consists of different continuous wave (cw)-laser sources which allow for a
broad excitation range from 320 nm to 1064 nm. The excitation intensity is con-
trolled by two Thorlabs FW102C filter wheels, which are equipped with absorp-
tive optical density filters ranging from an optical density from 0 to 5. A Thor-
labs MC2000 chopper with a MC1F10 10-slot blade modulates the laser beam at
a frequency of 170 Hz. Upon laser excitation, two bi-convex quartz-glass lenses
(focal length: f=200 mm and f=300 mm) collect the emission from the sample
and focus the full spectrum into a LOT MSH300 monochromator. As a detector
a Hamamatsu S2386-5K Si-detector equipped with a home-built transimpedance
amplifier is used. The signal read out is done with a Zurich Instruments HF2LI
lock-in amplifier such that no further requirements for an absolute dark envi-
ronment are needed.

FIGURE 3.2: Setup for steady state photoluminescence spec-
troscopy.

Calibration

For a proper interpretation of a collected photoluminescence spectrum I(λ), it
is necessary to correct for a non-uniform spectral response Q(λ) of all optical
components that are used in an experimental-setup in order to obtain the actual
sample emission IPL(λ):

I(λ) = Q(λ) · IPL(λ) with
Q(λ) = ηdetector(λ) · ηgrating(λ) · ηlenses(λ) · ...

where ηi is the spectral sensitivity/transmittance of individual setup compo-
nents. Commonly, a tungsten lamp is used for calibration which exhibits an

4For more details see [114] that is schematically shown in Figure 3.2. Alexander Graf has
assembled, programmed and put the setup into operation as a part of his master thesis that has
been supervised and linked to this work
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emission spectrum that is well described and modeled by a black body radi-
ation. This approximation, however, has shown to be prone to errors in our
experiments for mainly two reasons.

FIGURE 3.3: Calibration of the PL-setup shown in Figure 3.2. a)
Intensity calibration using a BAM spectral fluorescence standard
kit from Sigma Aldrich consisting of different dyes F00X which are
dissolved in an ethanol solution. The resulting calibration curve
is calculated based on the spectral shape of their emission spec-
tra. b) Spectral response of detector (green) and monochromator
(blue) measured with a tungsten lamp. The spectral correction
curve is plotted in green. c) Full calibration curve (blue) as well
as individual intensity calibrations done for the visible (black cir-

cles) and the infrared (red stars)

First, the halogen gas atmosphere which is surrounding the filament, induces
deviations of the actual lamp spectrum from a perfect black body emission. Sec-
ond, an accurate determination of the lamp temperature is highly challenging
due to an inhomogeneous temperature profile, with an increased temperature
close to the filament.
Due to these complication, a spectral fluorescence standard kit from Sigma Aldrich
(certified by BAM) has proven to be more reliable. This calibration standard
is based on the emission profile of five dye molecules, which are dissolved in
ethanol and expand a spectral window from 300 - 750 nm. In a geometry as
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presented in Figure 3.4, individual dye solutions are excited with a 405/532 nm
laser source in a 90◦ configuration relative to the detection path. Hence, mea-
sured dye spectra could be compared with certified spectra that are provided in
the program LinkCorrWin.

FIGURE 3.4: Setup-configuration used for intensity calibration of
the setup. The dye solution is kept in a quartz-glass cuvette at

the position of the cryostat according to Figure 3.2

Most organic semiconductors, however, exhibit a PL spectrum ranging deeper
into the IR. This necessitates an expansion of the calibration window by mea-
suring the spectral sensitivity of individual components ηi(λ) further. For the
detector it is well justified to use the provided spectral response function (Hama-
matsu S2386-5K), if an intensity mismatch of 10-15% is accepted [114].
In contrast, ηmonochromator(λ) is more challenging to obtain since its spectral re-
sponse function depends not only on the image mapping geometry within the
setup, but also on chosen slit sizes and grating adjustments. For this reason, its
spectral response is measured in its actual setup position with the help of a sec-
ond but identical monochromator in a mirrored geometry (see Figure 3.5). In an
initial measurement the Si-detector is placed after the first monochromator (exit
slit set to 1 mm corresponding to approximately 2.5 nm bandwidth5) at position
(1) and the monochromatic light from the tungsten lamp is measured. In a sec-
ond scan the detector is placed at position (2) after the second monochromator,
while its entrance slit has been opened completely6. The measured intensity ra-
tio measured by the Si detector delivers ηmonochromator(λ) as presented in Figure
3.3. The spectral overlap of the calibration curves for detector and monochroma-
tor with the calibration obtained with the dye standard, allows for an accurate
combination and superposition of both measurements (see Figure 3.3c).

5According to specifications from LOT QuantumDesign
6This is well justified since the spectral resolution is already defined by the first monochroma-

tor. In addition, the light beam has been frequency modulated and evaluated at 170 Hz with a
lock-in amplifier. Therefore, light from the surrounding does not have any further influence.
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FIGURE 3.5: Setup-configuration used for spectral response cal-
ibration of the monochromator. The transmission efficiency of
the monochromator is obtained by measuring the spectrum of
the tungsten light source in position (1) and comparing it to the
spectrum obtained in position (2) after passing the same spectral

components in a mirrored geometry.

3.4.2 Time-Resolved Photoluminescence Spectroscopy - TRPL

For time-resolved photoluminescence spectroscopy (TRPL) a streak camera setup
has been used that is schematically shown in Figure 3.6.

Laser System

The setup consists of a passively mode-locked Ti:Sapphire oscillator (Coherent
Mira HP-F), which is optically pumped by a 20 W cw-diode laser (Coherent Verdi
G20 OPSLaser-Diode) at 532 nm. The oscillator delivers pulses in a spectral range
between 700-1000 nm with a temporal width of 120 fs [115] and a repetition rate
of 76 MHz. Most organic semiconductors, which are used for photovoltaic ap-
plication, absorb light just below 700 nm. Consequently, laser pulses from the
oscillator are either frequency doubled in a BBO crystal (HarmoniXX APE SHG)
or frequency mixed in an optical parametric oscillator (OPO) Mira OPO PP. In
a second harmonic generation process an input wave induces a polarization in
the BBO crystal at its doubled frequency. This is a non-linear process in the ma-
terial’s electric susceptibility and therefore not very efficient at low light intensi-
ties. Another condition that has to be fulfilled for re-emission of photons in such
polarization centers is the conservation of momentum. Therefore, media are re-
quired which do not show inversion symmetry but rather are birefringent. The
reverse process is applied in an OPO, albeit the same principle, i.e. the pump
photon is split into two new photons (signal and idler) which exhibit a lower
energy (in the IR). Signal photons are generally amplified in the OPO cavity and
pass a second LBO crystal in which they are converted into higher energy pho-
tons by a SHG process (experimentally accessible spectral range: 500-750 nm).
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FIGURE 3.6: Setup used for TRPL spectroscopy. Solid lines rep-
resent the laser path while transparent blocks depict mirrors and
beamsplitter (BS). The path is illustrated using the setup with a
second harmonic generation crystal. This crystal can be replaced
by an optical parametric oscillator in order to access a spectral
range from 500-750 nm, without the need of further advanced

modification of the setup illustrated.

Photoluminescence Detection - Streak Camera

After impulsive sample illumination the exciton decay is stuided with a Hama-
matsu C10910-C01 streak camera in a synchroscan configuration (working prin-
ciple shown in Figure 3.7). Two bi-convex quartz glass lenses (f=150 mm focal
length) collect emitted photons into a spectrometer (Princton Instruments SP2150).
The grating divides the PL horizontally into its spectral components and diffracts
it onto a S20 Photocathode with a spectral response ranging from 200 to 850 nm.
After passing an acceleration mesh, emitted electrons are deflected in a pair of
sweep electrodes to which a high sinusoidal voltage is applied to. The sweep
voltage is synchronized to the laser repetition rate with the help of a photodi-
ode and an adjustable electronic delay. Consequently, electrons are deflected
depending on the emission time of the photon upon impulsive laser excitation.
After vertical deflection, electrons enter a micro-channel plate (MCP) where they
get multiplied prior to hitting a phosphor screen.
The resulting image on the phosphor screen is a spectral and time-resolved map
of the photoluminescence which is recorded with a CCD camera (ORCA-R2
Hamamatsu) consisting of 1344x1024 pixels. The earliest event in this image is
found on the uppermost position since the camera is adjusted in such a way
that the sweep voltage is triggered upon the first photon arrival. Using this con-
figuration different time ranges between 100 ps to 3 ns can be measured with a
time resolution of up to 1 ps.
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FIGURE 3.7: Working principle of a streak camera extracted from
[116]

The time range and the time resolution is given by the slope of the sweep
voltage since it defines the vertical spacing on the CCD camera (Figure 3.8).
Besides, the time resolution depends on the excitation pulse duration, electronic
jitter of the photodiode/delay unit, the dispersion and the mapping properties
of optical components in the setup and most importantly adjustments on the
streak camera itself. In this regard, the MCP adjustment and the spectrometer
are very crucial, since any improvement in spectral mapping usually causes a
loss in temporal resolution. For this reason, the instrument response function
(IRF) as well as the intensity calibration have to be measured properly. While
the former is recorded prior to and after each experiment, the latter is very time
consuming. For this reason, the same setup configuration is used in order to
approximate comparable conditions between different measurements.

FIGURE 3.8: Operation principle of the streak camera. The pho-
todiode delivers a trigger signal that is electronically delayed in
order to account for the time delay between trigger signal detec-
tion and laser pulse arrival on the sample. The slope of the sweep
voltage on the deflection plates determines the time resolution
dt in a PL map since the pixel spacing of two emitted photons
on the CCD camera is increased. The CCD camera consists of a
fixed number of pixels such that a smaller time range (here TR1)
increases the time resolution but decreases the time window that

can be detected.
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Calibration and Image Correction

It is the plurality of setup components and their adjustment possibilities that
make an image correction for each individual setting necessary. Basic intensity
corrections of measured spectra are performed with a tungsten lamp and a spec-
tralon plate that is placed on the position of the sample (see Figure 3.9).

FIGURE 3.9: Setup used for calibration of the streak camera. A
tungsten lamp spectrum is measured, which is reflected by a
spectralon diffuse scatterer placed on the sample position. A dif-
fuse light protection shield is used to ensure collection from the

scatterer plate only.

As a distance between spectralon scatterer and tungsten lamp, 300 mm was cho-
sen to allow for a homogenous illumination of the spectralon plate. The lamp
spectrum is measured in the streak camera by using an entrance slit size of 150
µm and a blazed grating of groove density 150 gr/mm. Furthermore, the gate
slit in front of the photocathode is set to 120 µm to ensure an efficient mapping
of the full spectrum. For spectral intensity calibration the measurement occurs
in the focus mode, i.e. no field is applied to the deflection plates.

FIGURE 3.10: a) Normalized Intensity response used for shad-
ing correction due to field inhomogenouties. b) Spectral inten-
sity correction for the used streak camera system. Both measure-

ments are performed in the geometry presented in Figure 3.9.
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In a second step the lamp spectrum is measured in a steady state setup (in-
troduced above) using the same lamp-spectralon-detector configuration in order
to obtain the calibrated reference spectrum Itung,cal to determine the spectral in-
tenstiy response function Icor(λ):

Icor(λ) =
Itung,streak(λ)

Itung,cal(λ)

The influence of the deflection plates is determined in a second measurement.
When sweeping a voltage within the deflection plates, electrons can be redis-
tributed or experience field inhomogeneities towards the sides of the plates.
Furthermore, non-linearities in the optical response of the MCP and the phos-
phor screen make a shading correction necessary. For this purpose, all images
are multiplied with a normalized and calibrated tungsten spectrum that is col-
lected in operation mode (voltage is applied) applying the same adjustments on
the MCP as in typical experiments. An example is shown in Figure 3.10.

3.5 Transient Absorption Spectroscopy

TRPL is a powerful method to reveal characteristic dynamics of excitons in a
photoactive material. For photovoltaic application, however, it is necessary to
also understand kinetics of other excited state species such as triplet states or
polarons. By means of transient absorption spectroscopy (TAS) it is possible to
study not only excitons but also carrier cooling processes, charge transfer ki-
netics and recombination mechanisms on a time scale only limited by the laser
pulse duration. TAS is a classical pump-probe experiment in which a material
is excited optically with a pump laser pulse while the evolution of induced exci-
tation species is probed by a second attenuated probe pulse. The probe pulse
is delayed in time and consists typically of a broader wavelength spectrum.
Consequently, pump-induced changes in transmission (∆T ) can be studied and
normalized to the unperturbed sample transmission T . In a linear regime, the
change in probe transmission is given by [117]:

∆T

T
= −

∑

i,f

σi,f (ω)(Ni −Nf )d (3.4)

with the absorption cross section σi,j from the initial (i) into the final state (f), N
representing the population number and d the sample thickness. After optical
excitation from the electronic ground state S0 into the first excited state S1 three
different dynamics can be probed (see Figure 3.11). Firstly, there is a ground
state bleach (GSB) in the spectral region where the sample usually absorbs (S0-
S1) since the sample is already in an excited state. For organic semiconductors
the GSB exhibits the vibronic fine structure introduced in the previous chapter.
Secondly, as long as carriers are in an excitonic state they can be re-exited into
a higher electronic state (S2) and the sample shows photoinduced absorption
(PIA). Probing this dipole transition, it is possible to reveal carrier cooling phe-
nomena or exciton lifetimes. Thirdly, excitons can be resonantly depopulated
by the probe pulse and stimulated emission (SE) of a second photon. SE re-
sembles the PL spectrum if there is no overlap with induced absorption signals
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due to free polarons. Polaron related transitions occur if exciton dissociation
takes place due to interchain interaction or the presence of a donor-acceptor het-
erointerface [118]. Generally, polarons exist either in a correlated state such as
polaron pairs (PP) or bipolarons or in an uncorrelated state, i.e. without carrier-
carrier interaction. Bipolarons (not considered in the figure) are quasiparticles
consisting of two polarons of the same charge which lower their energy by shar-
ing the same lattice polarization. In contrast, a pair of oppositely charged po-
larons across two neighboring polymer chains gives rise to a strong wavefunc-
tion overlap of the two states and therefore exhibits an energy close to an exci-
tonic state [118, 119]. Similar to individual signatures of polaronic states (PIAP1

and PIAP2), transitions from the S0/S1 to mid gap states are possible. However,
one has to take into account that their respective energy is close to signatures
from free polarons and therefore it is commonly not possible to differentiate be-
tween them in experiment [118]. In general, also triplet states can occur due to
intersystem crossing, however, they are irrelevant for the materials investigated
within this work. Within this thesis two different pump-probe setups were em-
ployed such that a detailed experimental description is shifted to the respective
chapters.

FIGURE 3.11: Energy diagram of dipole transitions (left) and re-
spective differential change in transmission ∆T/T (right) typi-
cally occurring in a TAS experiment. In the upper part only exci-
ton related transitions are presented. After impulsive excitation
from S0 into S1, one probes a ground state bleach (GSB), pho-
toinduced absorption (PIA) into a higher electronic state (S1-S2)
and stimulated emission (SE) when excitons are not separated
and fluences are high. In the lower part additional transitions
are presented which are correlated to polarons (P) and polaron

pairs (PP). The figure is partially based on [120].
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Chapter 4

FRET for Efficient Charge
Separation at Hybrid Interfaces

This chapter treats the role of Förster resonance energy transfer processes
for efficient charge generation at organic-inorganic interfaces. The scope
is not only limited to a generalization of earlier findings (which are pre-
sented in Chapter 3), but also conclusions are further extended. Results
presented in this chapter reveal new important aspects that should be
considered in future material design. Presented results are mainly based
on the experimental work of Stefan Schupp [121] in the framework of his
Bachelor Thesis which I supervised. In this work key results and conclu-
sions are summarized, while more detailed data is shown in [121].

4.1 Sample Fabrication and Materials

Solar cells in this chapter were fabricated on fluorine-doped tin oxide (FTO)
glass which is provided from Solaronix (transmission >80% between 400 nm to
700 nm). Substrates of 14x14 mm2 size were cleaned subsequently in aceton and
isopropanol using an ultrasonic device for 10 min. After drying in a nitrogen
gas stream, all samples were treated by an oxygen plasma for another 7 min
in order to remove residual carbon hydroxide impurities from the surface. As
electron acceptor TiO2 was sputtered at room temperature employing a target of
99.99% purity (Testburne Ltd). This ensures highly reproducible films with com-
parable quality among different experiments. Prior dye sensitization, all TiO2

films were annealed in air at 450◦C for one hour. As heating rate 14 K
min was

employed while samples were cooled down to 120◦C with a rate of only 7 K
min

to reduce thermal stress. After sintering, samples were put into a dye:ethanol
bath containing either 5 - carboxy - 2 - [[3 - [(2,3 - dihydro - 1,1 - dimethyl - 3 - ethyl
- 1H - benzo[e]indol - 2 - ylidene)methyl] - 2 - hydroxy - 4 - oxo - 2 - cyclobuten - 1 -
ylidene]methyl] - 3,3 - dimethyl - 1 - octyl - 3H - indolium (SQ2, Dyenamo) or (3Z,4Z)
- 4 - ((5 - carboxy - 3,3 - dimethyl - 1 - octyl - 3H - indol - 1 - ium - 2 - yl)methylene)
- 2 - (((E) - 5 - carboxy - 3,3 - dimethyl - 1 - octylindolin - 2 - ylidene)methyl) - 3 - (1
- cyano - 2 - ethoxy - 2 - oxoethylidene)cyclobut - 1 - en - 1 - olate (HSQ4, Dyenamo)
using a concentration of 0.2 mM. This forms a self-assembled monolayer of dye
molecules on TiO2, by a reaction of the carboxyl group of the dye with the metal
oxide surface. After a bath time of 60 min samples are washed in pure ethanol
to remove non-bound molecules from the surface. As donor polymer one of the
following polymer compounds is chosen (also summarized in Figure 4.1):
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• PCPDTBT

poly[2,6 - (4,4 - bis - (2 - ethylhexyl) - 4H - cyclopenta [2,1 - b;3,4 - b’]
dithiophene) - alt - 4,7(2,1,3 - benzothiadiazole)]

• PTB7

poly(4,8 - bis[(2 - ethylhexyl)oxy]benzo[1,2 - b:4,5 - b’]dithiophene - 2,6 -
diyl3 - fluoro - 2 - [(2 - ethylhexyl)carbonyl]thieno[3,4 - b]thiophenediyl)

• PffBT4T-2OD

poly[(5,6 - difluoro - 2,1,3 - benzothiadiazol - 4,7 - diyl) - alt - (3,3”’ - di(2 -
octyldodecyl) - 2,2’;5’,2”;5”,2”’ - quaterthiophen - 5,5”’ - diyl)]

• P3HT

poly(3 - hexylthiophen - 2,5 - diyl)

All polymers are spin-coated from a CB solution using a concentration of 20 mg
ml

and a spin-coating speed of 1500 rpm for 120 s. In order to complete the solar
cell bi-layer structure a 130 nm thick Ag electrode is evaporated (Theva TVA01)
with an evaporation rate of 0.1 nm

s at a pressure <7E-6 mbar.

FIGURE 4.1: Solar cell architecture using a sputtered TiO2 film
with either a monolayer of SQ2 or HSQ4 as dye sensitization
(left). The hole transporting material and electron donor was
chosen from four different polymers - P3HT, PCPDTBT, PTB7

and PffBT4T.
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4.2 Energy Landscape

In order to ensure efficient charge generation in solar cell devices it is neces-
sary to provide an energetic driving force for exciton dissociation and selective
charge transport towards the electrodes. For this purpose, the ionization po-
tential (electron affinity) of the donor should be lower (higher) in energy than
in the acceptor. In this study, the ionization potential (IP) is measured with
PESA. The IP is determined by the energetic position of the highest molecular
orbital (HOMO), while the lowest unoccupied orbital (LUMO) defines the elec-
tron affinity (EA) and is approximated by the optical gap energy obtained from
the absorption onset. For more technical details see [121]. Except for P3HT,
all polymer-dye combinations exhibit an energy offset of 100-200 meV (see Fig-
ure 4.2). Such small differences are close to the measurement inaccuracy of our
PESA setup (≈100 meV), though some important consequences can be derived
for solar cells. First, selective charge transport away from the interface is ex-
pected to occur inefficiently since the driving force is relatively small (compara-
ble to the typical width of the density of states given by the material’s energetic
disorder, for more details see Chapter 7). Second, exciton binding energies are
usually comparable to or larger than the provided energy offset [24] and there-
fore direct charge carrier splitting at the polymer-dye interface is significantly
reduced. Both conditions are supposed to improve for P3HT, i.e. direct exciton
dissociation is enhanced and hole injection from the dye to the polymer is im-
proved, since the provided energy offset is relatively large at the interface.

FIGURE 4.2: Ionization potential (IP) and electron affinity (EA)
of SQ2, HSQ4, P3HT, PCPDTBT, PTB7 and PffBT4T measured
relative to air. For determination of IPs, PESA was used (5 nW
with 10 s integration time), while the EA is approximated by the
optical gap energy Eg obtained from the absorption onset (see

Figure 4.3)

Consequently, photocurrent contributions from P3HT can originate from either
a direct exciton dissociation (ED) process or via dipole interaction, i.e. reso-
nant energy transfer (ET) [17]. In contrast, photocurrent contributions of PTB7,
PCPDTBT and PffBT4T can only be efficient if excitons generated on the poly-
mer are transferred via FRET to SQ2 or HSQ4. As outlined in Chapter 3, FRET
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necessitates an overlap of the absorption spectrum of the dye molecule with the
PL of the polymer (see Figure 4.3). All spectra are normalized in order to en-
hance comparability. For P3HT, the PL spectrum almost perfectly overlaps with
the absorption of HSQ4, while the low energy emission part is not covered if
SQ2 is used instead. For PffBT4T, the PL is in resonance also with HSQ4, but the
low energy part of the PL spectrum is again not covered by the transition dipole
energy of HSQ4. For PTB7 and PCPDTBT the overlap integral is further decreas-
ing. Most interestingly, neither the PL of PffBT4T nor of PTB7 or of PCPDTBT is
covered by the absorption of SQ2.

FIGURE 4.3: Normalized absorbance spectrum of SQ2 (blue) and
HSQ4 (red) in combination with the PL spectrum of individual

polymers (curves with shaded area)

4.3 Solar Cell Performance

A detailed knowledge about the spectral overlap is essential when comparing
solar cell results (summarized in Table 4.1). All devices are fabricated in a sand-
wich structure (see Figure 4.1) to ensure identical interface conditions when
comparing different polymers. Among a comparison of the two dye molecules,
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the fill factor FF is generally reduced for HSQ4 based cells and the Voc is low-
ered by approximately 100 mV. This can be explained by a lower IP of SQ2 pro-
moting a higher driving force for hole injection into the polymer. Hence, the
electron-hole pair separation distance increases and recombination is reduced.
Even more interesting are large differences in the short circuit current (Jsc). In
combination with SQ2, only devices based on P3HT deliver strong photocur-
rents. This is in agreement with our results on interface energetics, which do
neither support ED nor ET for the other three systems. In contrast, for HSQ4
there is a general improvement in photocurrent for all polymers, by 50-400%.

TABLE 4.1: Solar cell performance of fabricated sandwich struc-
ture devices. Beside the short circuit current (Jsc) also the open
circuit voltage (Voc), the fill factor (FF ) and the power conver-

sion efficiency (PCE) is summarized.

sample Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

SQ2 - P3HT 1.75 0.40 43 0.30
SQ2-PffBT4T 0.49 0.45 47 0.10
SQ2-PTB7 0.24 0.54 33 0.04
SQ2-PCPDTBT 0.54 0.52 45 0.13
HSQ4-P3HT 2.34 0.29 38 0.26
HSQ4-PffBT4T 1.72 0.36 37 0.22
HSQ4-PTB7 0.86 0.45 38 0.15
HSQ4-PCPDTBT 1.00 0.45 32 0.11

In general, the photocurrent output follows the strength of spectral overlap
between the polymer’s PL and the dye absorption, i.e. for P3HT the largest
Jsc is observed followed by the cells containing PffBT4T while PCPDTBT and
PTB7 deliver a similar performance. In order to ensure that improvements in the
photocurrent originate from stronger polymer contributions, one has to compare
the charge generation efficiency per incident photon (and photon energy) to the
absorption spectrum of individual materials (shown in Figure 4.4).

FIGURE 4.4: Normalized absorbance spectra of used polymers
and dye molecules
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The external quantum efficiency is shown in Figure 4.5 accompanied with
normalized absorbance spectra of the dye molecules as a guide for the eye. In
combination with SQ2 (top), photocurrent contributions from the dye are rather
weak while the SQ2-P3HT device shows strongest contributions from the poly-
mer with a maximum of 11% at around 500 nm. For devices using PffBT4T it is
more challenging to differentiate between dye and polymer because of a strong
absorption overlap. However, the absorption shoulder of PffBT4T at 550 nm and
the extended tail above 700 nm indicate significant polymer contributions.

FIGURE 4.5: External quantum efficiency measured for solar cell
devices using either SQ2 (top) or HSQ4 (bottom) in combination
with P3HT, PffBT4T, PTB7 and PCPDTBT. Curves with shaded
area are reprints of the dye absorbance to allow for a better com-

parability of photocurrent contributions.

In general, the photocurrent generation efficiency is reduced for PffBT4T and
decreases further for PCPDTBT and PTB7.
When focusing on HSQ4, again strongest polymer contributions arise for P3HT.
HSQ4 is stronger involved in the charge generation process compared to SQ2 al-
though the molar extinction coefficient is comparable between the two systems
[122]. In contrast to devices fabricated with SQ2, also the photocurrent contri-
butions for the other polymers increase. This becomes most apparent at 600 nm,
where the absorption of HSQ4 is continuously decreasing and the polymers ex-
hibit a resonance. Overall the EQE from the polymer is increased by at least a
factor of two. Due to a reduced dye contribution compared to P3HT based de-
vices, it can be concluded that holes from the dye are not injected efficiently into
the other polymers and therefore recombination losses are generally high. Only
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P3HT delivers enough driving force for an efficient charge transport away from
the interface such that the EQE is in general much higher.

4.4 Charge Extraction Efficiency

For a more detailed description of the charge carrier extraction efficiency, the
Jsc was measured as a function of applied field F and incident photon energy
represented by the photon wavelength λ (see Figure 4.6). As demonstrated in
Chapter 3, F can be determined via the relation

F = −V − Voc

d
(4.1)

where the built-in potential of bilayer solar cells is approximated by the Voc.
The built-in field reduces the applied voltage V across the film of thickness d
(measured with an AFM and summarized in Appendix A). This part of the dis-
cussion is focused on HSQ4 only.

FIGURE 4.6: Normalized Jsc as a function of applied field F and
incident photon wavelength λ for hybrid solar cells based on

HSQ4.

The weakest field dependence of the Jsc is measured for P3HT as donor polymer
(as it was already suggested from EQE measurements). In contrast, for PffBT4T
and PTB7 the dependence on F gets more pronounced and rather strong for
PCPDTBT. Among all polymers in this study P3HT delivers the largest ener-
getic driving force for hole injection from HSQ4 into the polymer while the IP
offset between dye and PCPDTBT is virtually absent. In this context, however,
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observations get more interesting, when taking the dependence on photon en-
ergy into account. At 750 nm, the absorption is dominated by HSQ4 and the
Jsc(F,λ = 750 nm) is a footprint of the exciton dissociation efficiency on the
dye. For all systems, the Jsc(F,λ = 750 nm) shows the least dependence on F
if two exceptions are analyzed more carefully. In first glance, there is no strong
correlation of Jsc(F,λ) with photon energy for PffBT4T although the charge ex-
traction efficiency is higher at 400 nm and 450 nm. A similar but even more
pronounced observation is possible on PCPDTBT at 450 nm. In order to explain
this deviant behavior it is necessary to recall absorbance characteristics shown
in Figure 4.4. From those in combination with EQE results it is possible to sum-
marize: the shorter the incident wavelength the stronger the excitation of the
polymer (relative to the dye) and therefore the larger its relative photocurrent
contribution. As presented in Chapter 2, electronic transitions in organic semi-
conductors are relatively broad due to strong vibronic coupling. Consequently,
if photons are absorbed in a polymer with an energy larger than the energy gap
between the ground state S0 and the first excited state S1, higher vibronic states
are occupied before vibrational cooling occurs. For PCPDTBT and PffBT4T the
excitation into S1 is in the wavelength range from 600 nm to 500 nm. In ad-
dition, both polymers exhibit another absorption resonance between 400 nm to
500 nm. This second absorption peak has been attributed to a higher energy
transition in PCPDTBT, i.e. a transition from S0 to Si>1[47, 65]. We suppose that
the high energy absorption peak of PffBT4T also originates from such a higher
energetic transition which has to be proofed in future investigations by quan-
tum chemical calculations. Despite this uncertainty it can be concluded, at least
for PCPDTBT, that dissociation of excitons into free carriers is facilitated if the
polymer is excited into a higher electronic state. In contrast, vibrational excess
energy is not supporting the separation process but rather seems to dissipate via
vibrational cooling. Although our observations are in agreement with results on
organic-organic interfaces [65] it has to be noted that our analysis does not take
into account that excitons from the polymer are transferred via FRET to the dye.
As a result, also higher excitonic states are separated at the dye-TiO2 interface
again and it is highly challenging to differentiate between the two pathways in
our measurements.

4.5 Summary

In our previous work [17], it could be demonstrated that ET is by far more effi-
cient for the photocurrent generation process at a polymer-metal oxide interface
than direct ED. This finding was based on a comparison of three model systems
in which only one polymer has been employed and interface energetics were
neglected completely. Within this Chapter four different polymers were inves-
tigated in combination with two dye molecules, namely SQ2 and HSQ4. By a
suitable choice of material combinations it was possible to tune systematically
the FRET efficiency, in varying the spectral overlap integral of the polymer’s PL
with the dye absorption. In combination with SQ2, only the polymer P3HT al-
lows for ET and pronounced photocurrent contributions from the polymer can
exclusively be observed for this system.



4.5. Summary 41

This is in contrast to material combinations using HSQ4. Although the two
dye molecules provide similar interface energetics relative to the polymers, pho-
tocurrent contributions improve also for the other polymers if HSQ4 is used.
Instead there is a strong correlation of photocurrent output with the spectral
overlap integral. Although general observations confirm the universality of ear-
lier findings, a closer look is necessary to understand the complete picture. The
strongest photocurrent contributions from the polymer are observed for P3HT,
although the spectral overlap integral with HSQ4 is comparable or even slightly
lower compared to the case using PffBT4T. By means of electric field depen-
dent charge extraction measurements it could be shown, that interface energet-
ics play a significant role in the charge separation process. It is demonstrated
that an additional energetic driving force supports charge carrier separation no
matter which interface is provided for exciton dissociation. Although charge
separation is more efficient at a covalently bound dye molecule compared to the
weakly coupled polymer-dye interface, charge separation is always assisted by
an electric field. Consequently, FRET indeed depicts a possibility to improve
photocurrent contributions from the polymer in hybrid solar cells, however, ex-
isting limitations are not eliminated completely.
Therefore, in order to reduce recombination losses at hybrid interfaces, it is nec-
essary to develop a deeper understanding in the fundamental concept of the
exciton separation process, which is subject of the next Chapter.
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Chapter 5

Incoherent Pathways for Charge
Separation

This chapter is based on the manuscript [123] which is a shared contribution
written together with A. Grupp. Beside sample fabrication I am responsible
for project design, AFM measurements, UV/vis spectroscopy and simulations.
Transient absorption spectroscopy was performed by A. Grupp, while data anal-
ysis and interpretations are a joint work. A. Budweg was involved in setup con-
struction and J. Kalb fabricated TiO2 films. Content and figures are adapted with
permission from [123]. Copyright (2017) American Chemical Society.

This chapter deals with the exciton dissociation process in both organic
and hybrid blends which are commonly employed in the realization of
photovoltaic cells. Within this comparison, the organic donor polymer
poly(3-hexylthiophene) (P3HT) is used in combination with either [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM) or titanium dioxide (TiO2)
as acceptor material. By means of ultrafast broadband transient absorp-
tion spectroscopy, it is shown that the formation of free charges is dom-
inated by a incoherent rate-limited charge separation process. From the
optical response of the polymer and by tracking the excited state absorp-
tion, it is possible to show pivotal similarities in the incoherent energy
pathways that follow an impulsive excitation. On timescales shorter than
200 fs, the two acceptors display comparable dynamics in the exciton de-
localization. This is the first time that sub 100 fs charge carrier dynamics
are investigated at an organic-inorganic interface.

FIGURE 5.1: TOC figure summarizing the scope of this chapter
comparing the charge generation efficiency on organic-organic to

organic-inorganic interfaces.
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5.1 Organic and Inorganic Acceptors

The polymer P3HT is a prototypical system for investigations on the charge sep-
aration process in organic solar cells. Although it has been studied extensively
in combination with organic and inorganic semiconducting acceptor materials,
systems have never been compared and results stayed ambiguous.
As reported in Chapter 2, many investigations show compelling evidence that
free charge carriers are generated instantaneously upon light absorption prior
to carrier cooling. For direct charge generation, vibrational coherence concurs
with electron transfer [73, 74]. In this context, coupling of electronic and nuclear
degrees of freedom can trigger charge delocalization and charge separation [77].
Coherent charge transfer takes place if the LUMOs and the vibrational modes
of donor and acceptor are in resonance at the same time. Therefore, the wave
packet that describes the excited state in the donor transfers "ballistically" to the
acceptor with the vibronic wavefunction preserving its phase [77]. This descrip-
tion is in contrast to models which describe the charge separation process as a
multi-step and rate-limited process in which Coulombic bound charge transfer
(CT) states depict an intermediate step before charges are effectively generated.
Although both models agree on the importance of wavefunction delocalization,
which promotes the charge separation process [44, 45, 79, 81, 124], it is not clear
whether coherent charge separation can contribute significantly to the overall
yield of realistic solar cells design or if incoherent models are sufficient to de-
scribe the generation process of free charge carriers [87, 125–127].
The fullerene derivative PCBM is a widely used organic acceptor material, which
exhibits a strong electron affinity and permits to achieve beneficial solar cell
morphologies required for charge delocalization [128]. In contrast, metal oxide
acceptor materials such as TiO2 offer a low carrier effective mass due to a strong
delocalization of the electron wavefunction in the conduction band [9, 92]. How-
ever, the optimization of complicated nanostructures based on metal oxides is
experimentally challenging [129]. Different to fullerenes, vibrational modes in
TiO2 are off resonant to molecular vibrations in P3HT and coherent coupling
of orbitals between donor and acceptor is perturbed [130, 131]. Consequently,
the quantum mechanical description of electron eigenfunctions on molecular or-
bitals of the fullerene is fundamentally different to energetic bands occurring in
TiO2. Such fundamental differences make these two acceptor materials to ex-
cellent model systems, which allow for the evaluation of the role of hot carrier
separation versus non-coherent charge generation. If coherent effects dominate
charge separation, it is expected to observe significant exciton separation within
less than 300 fs time duration, i.e. before dephasing occurs [73, 74].

5.2 Experimental Methods

5.2.1 Transient Absorption Spectroscopy Setup

The ultrafast transient absorption setup is based on a commercial Yb:KGW re-
generative amplifier system operating at 50 kHz repetition rate. The output
pulses drive a home - built noncollinear optical parametric amplifier (NOPA)
which delivers an ultra - broadband spectrum centered at 570 nm (2.18 eV).
The spectrum spans 0.6 eV and, after compression, pulse durations of 8 fs are
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achieved. The change induced in the transmission is probed by an ultra - broad-
band supercontinuum spectrum generated in a YAG crystal. Similarly to the
pump pulses, spectrum is compressed with chirped dielectric mirrors to ensure
a high overall temporal resolution in the experiment. In the near-IR experi-
ments, the long-wavelength tail of the supercontinuum is compressed to probe
dynamics at wavelengths from 1100 nm to 1400 nm. Pump and probe pulses are
focused to beam diameters of 100 µm and overlapped at a small angle on the
samples. After filtering the pump radiation, the induced change in transmission
is measured with a fast spectrometer. This device is triggered at the repetition
rate of the laser and allows us to acquire the full spectrum of each laser shot indi-
vidually. By modulating the pump pulse train at half the repetition rate (25 kHz)
with a pockels cell it is possible to calculate the differential transmission change
∆T/T of the probe pulse as a function of wavelength and time delay between
pump and probe. The detection of the differential signal in the near-IR is based
on lock-in readout of a diode coupled to a monochromator. A more detailed de-
scription of this setup is given by Alexander Grupp as a part of his Ph.D thesis
[132].

5.2.2 Sample Fabrication & Material Characteristics

For this study fused silica substrates (size: 10x20 mm2, thickness: 275 µm) were
cleaned in acetone and isopropanol for 10 min in an ultrasonic bath, followed
by an oxygen plasma cleaning for 7 min. Flat 40 nm TiO2 films were sputtered
at room temperature from a TiO2 target (99.99% purity, Testburne Ltd). As de-
posited TiO2 films were post-annealed in oxygen at 450◦C to form a polycrys-
talline anatase crystal structure, while an annealing at 900◦C form a rutile film
(for more details see [133]).

FIGURE 5.2: Chemical structure of P3HT and PC60BM, which
are used in this study.

In this work, P3HT with a molecular weight of 51 kDa, a polydispersity index
of 2.1 and a regioregularity of 96% (provided by Rieke Metals) was used. For
this study polymer films were cast from a 10 mg/ml chlorobenzene solution
at 2000 rpm. The same polymer was also used to fabricate 1:1 wt% blends, con-
taining either [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) (see Figure 5.2)
or P25 TiO2 nanoparticles in a 10 mg/ml chloroform solution. An evaporated
20 nm thick LiF layer (evaporation rate 1 Å/s; pressure < 10−5 mbar) is covering
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all samples for surface passivation.

FIGURE 5.3: Generation rate determined with a slightly modified
version of the transfer matrix algorithm published by Burkhard
et al.[113]. The laser spectrum is convoluted with the absorbance

characteristics of each sample.

The samples under investigation are spin-coated from the same polymer:solvent
concentration to ensure similar polymer aggregation among the different films.
This in turn also results in different film thicknesses (as summarized in Table
5.1) due to varying wetting properties of the organic solution on various sub-
strates. In addition, TiO2 nanoparticles exhibit a much larger mass compared
to organics such that centrifugal forces are different during spin-coating. Such
variations in film thickness directly affect pump-probe spectra in absolute am-
plitude because more photons can be absorbed and the electric field distribution
within the optical cavity is different.

TABLE 5.1: Film thickness in nm determined via AFM measure-
ments. Values in brackets represent measurement uncertainties.

sample total thickness LiF TiO2 layer P3HT/blend

TiO2:P3HT 105 (15) 20 - ≈ 80
PCBM:P3HT 40 (2) 20 - ≈ 20
P3HT 53 (2) 20 - ≈ 30
P3HT on TiO2 82 (3) 20 30 ≈ 30

In addition, if the film composition is changed also the effective refractive in-
dex is modulated such that the standing wave inside the cavity shifts intensity
maxima into or out of the active film (see Chapter 3 or [113]). Therefore, the
generation yield is simulated with the transfer matrix algorithm published by
Burkhard et al. [113] (see Figure 5.3). Even if a constant fluence in the focal
plane is applied, the generation yield can vary by more than a factor of two and
the analysis of absolute signals is limited. For our experiments we have cho-
sen an excitation fluence of 30 µJ/cm2 in order to ensure not only a good signal
to noise ratio but also to avoid non-linear exciton dynamics and charge-charge
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interaction. This is justified by the linear increase of the differential change in
transmission ∆T/T with excitation fluence, which is measured at 550 nm and
1250 nm (see Figure 5.4).

FIGURE 5.4: Differential change in transmission ∆T/T ampli-
tude measured on pristine P3HT for different excitation fluences.
Maximum values are presented which are obtained at 550 nm
and 1250 nm. Due to variations in film thickness and the effec-
tive refractive index, absolute signals are not equal in between
the samples. At 30 µJ/cm2 pump fluence the absolute signal was
∆T/T=2.7E-3 for pristine P3HT, 3.5E-3 for TiO2:P3HT and 1.5E-3

for PCBM:P3HT

5.3 Exciton Dissociation and Charge Formation Dynamics

For our experiments, ultrafast carrier dynamics are investigated with ultrabroad-
band transient absorption spectroscopy in order to track the evolution of exci-
tons created by impulsive illumination with a 10 fs temporal resolution.

FIGURE 5.5: Normalized absorbance spectrum of P3HT (blue
curve, shaded area) beside the pump (solid gray line) and the
probe spectra (dashed red line). Markers indicate the 0-0 and 0-1

transition in the polymer.
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Spectra of pump and probe pulses are shown in Figure 5.5 and compared to the
absorbance of pristine P3HT (blue curve, shaded area). A large overlap with the
polymer absorbance leads to excitation of the π-π∗ transition in the aggregated
polymer while the absorption of fullerenes and TiO2 is negligible within the ex-
citation spectrum. Two markers sign the transition from the 0th-phonon level of
the electronic ground state S0 of the polymer into the 0th and 1st-phonon replica
of the excited state S1 at 605 nm and 555 nm, respectively.

5.3.1 Excited State Dynamics

In Figure 5.6 transient absorption spectra are presented for the four films at dif-
ferent time delays τ between pump and probe pulse. All transient spectra are
normalized to the photo-bleach (PB) at 555 nm after 25 fs to allow for a bet-
ter comparability of relative dynamics. The instantaneous response at τ=25 fs
shows a common spectral signature in all samples. For wavelengths shorter
than 620 nm, there are two distinct positive peaks which can be assigned to the
photo-bleaching (PB) of the exciton absorption S0-S1 (0–0) and the first phonon
replica (0–1). The negative signal above 620 nm corresponds to photo-induced
absorption (PIA) in P3HT, with a local broad maximum around 650 nm. This
signal has been attributed to absorption by polaron pairs located on the poly-
mer [25, 134–138].

FIGURE 5.6: Transient absorption spectra measured at differ-
ent time delays τ between pump and probe pulse for pristine
P3HT (blue), TiO2:P3HT blend (black), PCBM:P3HT blend (red)
and a bilayer consisting of TiO2-P3HT. Spectra are normalized at

555 nm and τ=25 fs.
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The lower curves in Figure 5.6 depict measurements at time delays of 1 ps
and 10 ps, where the amplitude of induced transmission, i.e. the PB at 555 nm,
sustains much longer in the PCBM:P3HT blend compared to the other samples.
This is consistent with the fact, that recombination is prevented in the PCBM
blend and excited carriers are efficiently transferred to different states since the
excitation of the pristine polymer decays on a faster time scale. Between pristine
P3HT, a P3HT-TiO2 bilayer and TiO2:P3HT blends there are only small devi-
ations obvious. This observation is of particular importance if the latter two
samples are compared since influences from variations of the donor:acceptor in-
terface or morphology can be excluded. In fact, similar observations on different
sample geometries highlight the relevance of our observations which are inde-
pendent on morphology. While blends offer a largely enhanced interface and a
variation of phase purity, there is only one distinct interface for a P3HT:TiO2 bi-
layer structure with two rather pure material phases. In general, the PB of the di-
rect transition cannot reveal final states to which the excitations are transferred.
Therefore, it is necessary to investigate the evolution individual excited states
species, i.e. exciton dynamics have to be distinguished from kinetics related to
polaron states. Since there is no significant differences between the TiO2 mor-
phologies, the following discussion can be limited on a comparison of blends
only.

5.3.2 Coherent Vibronic Oscillations

A common feature in all samples is a superimposed oscillatory component in
time delay scans, which affects all probe wavelengths in this study on an ultra-
fast time scale. In Figure 5.7 a) the differential change in transmission is shown
as a function of probe delay evaluated at 680 nm.

FIGURE 5.7: a) Differential change in transmission upon excita-
tion measured at 680 nm on pristine P3HT. For early time-scales
the signal is superimposed by periodic oscillations. b) Fourier
transform of the oscillation after subtraction of the decay dynam-
ics for all samples under investigation. For more details see [132].

A Fourier transform of the oscillations on top of transient data reveals a central
frequency of 1450 cm−1 which can be assign to a coherent excitation of the C=C
stretching mode in P3HT [130]. Upon excitation a coherent vibronic wavepacket
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is formed which can either describe vibrational coherence of the ground state or
the excited state. Although it is not possible to differentiate between both in a
simple two-pulse experiment [73], there is no obvious difference in dephasing
between the samples and damping has to be identical. This is not only seen
from comparable linewidths and the same central frequencies but also the line
shape is similar for the two blends. For this reason, differences in the interaction
with the phonon bath are marginal due to similar polymer morphologies and
aggregation among the blends. Beside the main peak there is a second feature at
1377 cm−1 which is slightly enhanced for pristine P3HT. This frequency corre-
sponds to C=C stretching deformations in the aromatic thiophene ring [130] and
therefore the polymer morphology and backbone geometry might be slightly
different in a pristine polymer film relative to the blends.

5.3.3 Exciton Kinetics

At 1200 nm probe waveleght (Figure 5.8 a)), it is possible to probe photoin-
duced absorption from the first excited state S1 into a higher electronic state
Sn [135, 139]. Again signals are normalized to unity to display the complicated
excited state population dynamics. An accurate description of their dynamics
requires a model of at least three exponential functions for which fit parameters
show a strong interconnection. This limits our discussion on a qualitative basis.

FIGURE 5.8: a) Normalized differential change in transmission
upon impulsive excitation which is probed at 1200 nm. This state
corresponds to a transition from the first excited state S1 into a
higher energetic state Sn. b) Dynamics of the relative change in
tranmission of the two blends compared to pristine P3HT. A sub-
tractions of intrinsic P3HT contributions from the blend signal
reveals a built-up within 500 fs which stays present within the

duration of our measurement window.
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First, a fast component describes the thermalization within S1 that follows the
initial hot carrier distribution created by impulsive photoexcitation. Upon cool-
ing, excitons evolve into different states on timescales of hundreds of fs to ps. In
contrast, the third long timescale is consistent with the recombination of excitons
that remain trapped within the P3HT moiety as reported in photoluminescence
experiments [26]. Here, the discussion shall be focused on the intermediate
timescale since those decay dynamics serve as a direct measure for transitions
of excitons into free charges via incoherent processes. To better visualize their
impact, the signal of pristine P3HT is subtracted (Figure 5.8 b)) from the dynam-
ics of the two blends. Since the signal represent the dynamics occurring in an
ensemble, and since the temporal evolution of this system is a linear problem
for which rate equations apply, our procedure is justified. Consequently, phe-
nomena occurring only in the donor moieties can be ignored. This difference
in dynamics clearly indicates the presence of decay channels being possible at
the donor:acceptor interface: upon photoexcitation the signal builds up within
500 fs and remains almost constant within our observation window while the
amplitude of the dynamics is larger in case of TiO2.

FIGURE 5.9: Normalized differential change in transmission
probed at 550 nm (PB) and 1200 nm (PIAS1-Sn). A comparison
of the samples reveals that the excited state absorption decays

faster for the blends due to exciton dissociation.

Further insight comes from a direct comparison of the excited state dynamics (as
dashed lines) with the PB (as solid lines) in Figure 5.9. In pristine P3HT, there are
only minor deviations between the two curves indicating that the recombination
pathways are limited and that the excited state evolution leads to the recovery
of the initial unperturbed state. Instead, in TiO2:P3HT and PCBM:P3HT the ex-
cited state absorption decays much faster than the PB. In addition, the spectral
weight which is lost in the near-IR PIA is not recovered as a reduction of the
PB. This observation indicates that the energy acquired by the P3HT after pho-
toinduced absorption is exploited for the formation of CT states that lead to free
charges. This analysis is in full agreement with the comparison of the near-IR
PIA between the blends and the pristine P3HT. It is also interesting to note that
the PB decays slower in PCBM:P3HT than in TiO2:P3HT and that its spectral
weight is larger at longer time delays. This can also be observed in Figure 5.6
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at a pump-probe delay of 10 ps. Such differences point towards a higher effi-
ciency of free charge carrier generation through CT states in the organic blend.
Furthermore, it has been noted that PIA from TiO2 can overlap with the PB of
P3HT [140].

5.3.4 Polaron Formation and Charge Separation

The analysis becomes more delicate when dealing with the photoinduced ab-
sorption that is measured above 620 nm. In Figure 5.10 a), the dynamics are
plotted for two selected wavelengths normalized to the PB signal at 550 nm. In
both graphs, PIA occurs instantaneously after excitation, which is increasing in
all films during the first 200 fs. Induced absorption at 650 nm is assigned to po-
laron pairs formed on the polymer. Since all samples have similar amplitudes
and rise-times, we conclude a comparable yield for the formation of polarons
on the fast time scale independent of the sample. In Figure 5.10 b), signals are
normalized to unity and thus, a comparison of dynamics is improved. Surpris-
ingly, photoinduced absorption in pristine P3HT and TiO2:P3HT decays almost
identically, while in PCBM:P3HT PIA persists. At 720 nm probe wavelength, an
exponential decay behavir can only be seen in pristine P3HT and TiO2:P3HT. In
contrast, the organic blend shows increasing PIA on a ps time scale. This rise
can be attributed to the formation of delocalized polarons or CT states that have
a photoinduced absorption in the same spectral range [141]. The ps build-up
points towards a significant contribution of incoherent transfer of polarons via
states that lead to the formation of free charges. This constitutes an important
difference between TiO2 and PCBM blends, as it is also observed in devices.

FIGURE 5.10: Differential change in transmission upon impul-
sive excitation probed at 650 nm (top) 750 nm (bottom). In a)
signals are normalized to the PB at 550 nm after 25 fs, while b)
shows reprints of the same data using a normalization of unity.
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5.3.5 Pathways of Charge Carrier Generation

Figure 5.11 schematically displays the pathways that follow the impulsive pho-
toexcitation in our samples resulting from the experimental observation of the
polymer excited state absorption at 1200 nm and the polaron absorption mea-
sured between 650 nm and 720 nm. Charge carriers in the excited state form
Frenkel excitons that are located on individual or coupled polymer chromophore
[37]. In pristine P3HT, recombination to the ground state occurs as well as exci-
tation of polaron pairs in the polymer. Thereby, dynamics of the PB and excited
states match on the ps timescale (c.f. Figure 5.9).

FIGURE 5.11: Charge generation at donor-acceptor interfaces.
Excitons formed upon optical excitation can follow three path-
ways. In pristine P3HT only recombination to the ground state
can occur as well as excitation of polaron pairs. Donor:acceptor
interfaces offer an additional channel through the occupation of
a charge transfer state (CT) which is a major precursor state prior
to free charge carriers (CS) are formed. (Left) Energetic landscape
describing the formation of free carriers in PCBM:P3HT blends
compared to TiO2:P3HT blends. PIA into CT1 (probed at 720 nm)

reveals CT state and recombination dynamics.

Hence, only few carriers remain excited and are available for charge separation.
In contrast, donor:acceptor blends offer an additional relaxation channel via CT
states. The relaxation of the excited state population is enhanced (c.f. Figure 5.9)
while polaron absorption is nearly constant or last even longer on a ps-timescale
(c.f. Figure 5.10) in the PCBM:P3HT blend . This is a general behavior that can
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be observed for manifold fully organic donor:acceptor combinations and is re-
lated to the formation of delocalized CT states [50, 79, 85, 142–147]. Additionally,
bleaching of the direct transition is prolonged with respect to the pristine P3HT
since efficient separation of charges does not allow for the recovering of the ini-
tial ground state on the ultrafast timescale. When TiO2 is used as acceptor, there
is a strong relaxation of the excited state population (c.f. Figure 5.9), which is
significantly faster than the decay of the bleaching signal. Surprisingly, polaron
signatures are less prominent in pristine P3HT films. Consequently, energy is
transferred to states that are not fully covered by our experimental bandwidth.
Injection of free charges into TiO2 is possibly observed at 550 nm where the PB
dynamics of P3HT is too similar to the pristine sample and thus cannot be ex-
plained without an additional contribution (c.f. Figure 5.6). In fact, the positive
signal should be higher if recombination is prevented but the differential trans-
mission can be reduced by the overlap with a PIA absorption in the charged
oxide as hinted by continuous wave PIA investigations [140]. Apart from that, it
is worth noticing that the polaron signals between 620 nm and 720 nm are almost
identical on the few fs time scale independently from the acceptor. This observa-
tion indicates that coherent polaron formation cannot be a dominant mechanism
for the formation of free charges. Also the near-IR PIA corroborates this finding
and assesses that the simple architecture of heterojunction solar cells is not fully
exploiting vibrational coherence.

5.3.6 Impact of Defects and Surface States on Charge Carrier Recom-
bination

Many works ascribe trap states in the metal oxide as the origin of carrier lo-
calization centers for strongly bound CT states [95, 97], which display stronger
attractive Coulomb forces than in the case of PCBM:P3HT (schematically shown
in Figure 5.11).

FIGURE 5.12: Normalized change in transmission upon pho-
toexcitation as a function of probe delay measured at 550 nm a)
and 720 nm b). This comparison contains bilayer structures con-
sisting of pristine P3HT (blue), semicrystalline (sc) TiO2-P3HT
(black), semicrystalline TiO2 with a SAM PCBA andP3HT (green)

and crystalline (c) TiO2-P3HT (black)
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While for fullerenes the density of states at the surface is indistinguishable
from the bulk, localized surface states below the conduction band lower the gap
energy substantially in metal oxides [97]. This effect can be partially counterbal-
anced via surface modification of TiO2 by Coulombic bound organic molecules
which can also lower effects of surface charging [16, 102]. Therefore, the role
of both surface and bulk defects can be studied in the metal oxide by com-
paring a semicrytalline TiO2 film to a largely crystalline compact layer. Both
films have been fabricated by Julian Kalb following the sputtering procedure
described above. In order to obtain semicrystalline (sc) anatase TiO2, sputtered
films were post-annealed at 450◦C while crystalline (c) rutile TiO2 is obained by
an annealing at 900◦C in oxygen. As a third film in this comparison, a semicrys-
talline film is included which is decorated with a self-assembled monolayer of
the fullerene derivative PCBA ([6,6]-phenyl-C61- butyric acid). Similar to the
dye molecules from the last Chapter a carboxylic acid bonds saturates the sur-
face states of the TiO2 surface and mimics a PCBM interface. Although such
relatively strong modifications were applied on the metal oxide, there is no sig-
nificant change in the dynamics probed in the PB and polaron related signals
(see Figure 5.12).

5.4 Summary

In order to track the generation of free charges, the evolution of energy was
probed upon optical excitation in organic-organic and organic-inorganic photo-
voltaic blends. In this chapter it is demonstrated that organic and hybrid blends
show similar carrier dynamics on a sub 200 fs time scale while major differences
in the kinetics occur for charge transfer states. When using a fullerene as elec-
tron acceptor it is possible to track the formation of such intermediate CT states
at energies that overlap with the polaron signal of pristine P3HT. Based on our
observations, CT states drive the wavefunction delocalization while the forma-
tion of bound charge pairs is limited. When using TiO2 as acceptor material,
CT states show enhanced recombination rates due to stronger Coulomb forces
of generated charge pairs. As a result, photocurrent contributions of the poly-
mer are efficient only if localized excitons are transferred resonantly via FRET to
a covalently bound dye molecule [16, 17]. In either case, however, charges are
predominantly separated out of localized conditions on a ps time-scale while
meaningful differences between a pristine polymer film and a donor:acceptor
blend are virtually absent on an ultrafast timescale. This suggests that coherence
cannot be a key force in the generation of free charges. Instead of free polarons,
hot carrier dissociation delivers a large portion of polaron pairs, excimers or
carriers in excited charge transfer states [25, 134], i.e. two Coulombically bound
polarons of opposite charge that are separated in a rate limited process.
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Chapter 6

Tailored Interface Energetics for
Efficient Charge Generation

This chapter is based on the manuscript [148] which I wrote as a part of my dis-
sertation. Simulations, AFM, UV/Vis and solar cell characterization was done
by J. Huster and me. Transient absorption spectroscopy measurements were
performed by H. Goodwin while data analysis and interpretations are a joint
work. A. Groh synthesized and characterized chemical compounds (MALDI
TOF, NMR, GPC) as part of his PhD. I did field dependent short circuit measure-
ments while samples were prepared together with J. Huster. To a large extent,
this project is designed, planed and realized within the Bachelor thesis of J. Hus-
ter.

As presented in the previous chapter, hybrid heterointerfaces suffer from
inefficient charge separation and performance limitations are only weakly
understood. This chapter aims to reveal the role of interface energet-
ics in the charge generation process when a metal oxide is combined
with a polymer. In order to ensure comparability and simplicity of in-
volved materials, TiO2-P3HT bilayer structures are used and interface en-
ergetics are tailored by means of novel benzothiadiazole based thiophene
oligomers. In this context, it is possible to study the fundamental differ-
ence in the charge generation between a chemically and physically bound
organic semiconductor to a metal oxide surface [18–20], while the benefi-
cial role of interface dipoles and energy cascades on the charge separation
is demonstrated.

FIGURE 6.1: TOC figure summarizing the scope of this chapter
in which benzothiadiazole based thiophene oligomer interlayers

are used to overcome strong binding energies of CT states.
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6.1 Materials & Methods

6.1.1 Sample Preparation

For the fabrication of solar cells, fluorine doped tin oxide substrates were used
with a size of 14x14 mm2 (Solaronix). Substrates were first sonicated in acetone
and isopropanol for 10 min prior to an oxygen plasma treatment for 7 min. As
electron acceptor a 70 nm TiO2 film was sputtered at room temperature and
10−7 mbar using a TiO2 target from Testburne Ltd (99.99% purity). The Ar pres-
sure was adjusted to 5 mTorr. These films were post-annealed in air at 450◦C for
1 h to ensure a polycrystalline anatase TiO2 film [133]. For surface sensitization,
samples were immersed in a 0.2 mg/ml solution consisting of diethylphospho-
nate functionalized oligothiophene in toluene. After 2 h, immeresed samples
are washed in pure toluene to remove residual and unbound molecules from the
surface. As hole transporting material the same P3HT was spin-coated as pre-
sented in the previous Chapters using identical spin-coating adjustments. Solar
cells are finalized by the evaporation of a 130 nm thick Ag top contact using
a rate of 1 Å/s at a chamber pressure of p<10−5 mbar. For transient absorp-
tion spectroscopy the FTO substrates were replaced by borosilicate glass and
used a mesoporous TiO2 layer in order to enhance the relative donor-acceptor
interface. These films were spin-coated at 1500 rpm for 60 s from a 5:1 wt% ra-
tio of ethanol:nanoparticles (Dyesol 18NR-T). After spin-coating, fabricated films
where sintered at 450◦C for 60 min in air. For thickness determination and PESA,
Si substrates were used instead of FTO to ensure negligible influences on the
measurement by the substrate due to a surface roughness smaller than 1 nm
and a compact and defect free TiO2 layer.

6.1.2 Diethylphosphonate Functionalized Oligothiophene for Surface
Sensitization

In order to identify occurring interface losses at organic-inorganic heterojunc-
tions we have used novel diethylphosphonate functionalized oligothiophenes.
These interlayers were synthesized and characterization by Arthur Groh as part
of his dissertation. A detailed synthesis protocol is provided in [149]. In fact,
here only physical properties are summarized and characteristics which are es-
sential for their electronic properties. Diethylphosphonate functionalized olig-
othiophene consist of a covalently bound push-pull system as summarized in
Figure 6.2.

FIGURE 6.2: Schematic of diethylphosphonate functionalized
oligothiophene, used as interlayer and surface sensitizers.
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The covalent bonding is achieved via a phosphonic acid moiety which attaches
to the TiO2 surface. It delivers a strong electron affinity towards the inorganic
electron acceptor and exhibits excellent bonding properties to metal oxides [150].
The energetics of frontier orbitals and the intrinsic geometric dipole moment of
the oligomers are varied by the thiophene chain length [151, 152]. The thiophene
tail length is determined by 1H-NMR spectroscopy, by means of an integration
of the aromatic thiophene backbone protons signals versus the two aromatic
proton signals of the benzothiadiazole end group [149]. In general, the molec-
ular weight distribution is uni-modal and narrow (MW/MN ≤1.3) and a good
agreement with theoretical values is achieved (see Table 6.1). In the following,
synthesized oligomers are abbreviated with BTx with x specifying the number
of thiophene tail units.

TABLE 6.1: Summary of diethylphosphonate functionalized olig-
othiophenes BTx with x indicating the number of tail monomer
units. Calculated values from monomer to initiator ratio are com-
pared to NMR measurements. The molecular weigth Mn was

determined by GPC against polystyrene standards [149].

BTx xtheo xNMR Mn (g/mol) Mw/Mn

BT5 20 26 4300 1.3
BT10 10 13 2700 1.27
BT20 5 7 2300 1.3

In order to ensure efficient charge generation at a P3HT-BTx interface, an
energy cascade between the energy levels of the polymer and the metal oxide
has to be introduced to drive not only exciton dissociation but also encourages
charge transport towards the electrodes. Exciton dissociation is favored if the
electron affinity (EA) of BTx is sufficiently larger than in P3HT to overcome the
Frenkel exciton binding energies. In contrast, a lower ionization potential (IP)
of BTx supports dye regeneration and charge extraction. The IP is measured by
means of PESA (see Figure 6.3 a)) and exhibits an error of 50 meV.

FIGURE 6.3: a) PESA measurement on BTx and P3HT. b) Ener-
getic landscape including the EA and IP obtained from PESA and
UV/Vis spectroscopy. The measurement inaccuracy is 50 meV.
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Presented values in Figure 6.3 b) are obtained as an average of three individual
measurements while only one is shown in a) as an example. In contrast, the ab-
sorption onset or rather the optical gap energy is used to approximate the EA
(see Figure 6.4). From Figure 6.3 b) it can be seen, that the optical gap energy is
decreasing with increasing thiophene chain length, while both EA and IP grad-
ually shift towards lower energies. In contrast, if no thiophene tail is included
(BT0) the benzothiadiazole unit forms a thin isolating layer since the EA is simi-
lar to the EA of P3HT.

FIGURE 6.4: UV/Vis absorbance spectra of P3HT and BTx modi-
fiers on TiO2, normalized to the maximum. The absorption onset
serves as measure for the optical gap energy and approximates

the EA.

6.1.3 Experimental Methods

Experimental setups for solar cell characterization are explained in detail in
Chapter 3. For PL spectroscopy a PicoQuant FluoTime 300 has been used which
is equipped with an Oxford Instruments OptistatDN series cryostat and an excita-
tion laser source of 485 nm. All samples were measured in vacuum at a pressure
p<10−4 mbar to avoid sample degradation upon laser radiation. UV/Vis spec-
troscopy was performed with an Agilent Cary 5000 UV-Vis-NIR spectrometer in a
double-beam mode in the center of an integrating sphere. In order to account for
full detection of reflected light a small angle of 20◦ with respect to the light beam
was applied. For atomic force microscopy a Veeco diInova was used in tapping
mode. For transient absorption spectroscopy, a Ti:Sapphire amplifier system
(Spectra-Physics Solstice) was used which operates at 1 kHz repetition rate and ex-
hibits pules of 90 fs duration. Pump and probe beam are frequency modulated in
two home-built noncollinear optical paramagnetic amplifiers. The pump beam
was tuned to 530 nm and the probe pulse ranges a spectrum from 550 to 750 nm.
In order to reduce the impact of laser output fluctuations, the probe beam was
split into probe and reference beam and detected. Consequently, 3 beams were
directed onto the sample while the probe and pump beam overlapped on the
sample. After the sample, the probe and reference beams are measured with
a spectrometer (Andor, Shamrock SR 303i) and a InGaAs dual-line array detec-
tor (Hamamatsu G11608-512) driven and read out by a custom-built board from
Stresing Entwicklungsbüro.
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6.2 Solar Cell Characteristics

BTx interface modification and the resulting gradual changes in the interfacial
energetic landscape allow to study the following fundamental questions: First,
is it possible to improve interfacial exciton splitting by increasing the energetic
driving force? Second, what is the role of the dipole moment strength (depen-
dence on thiophene length) of the modifier on charge carrier separation if an
interfacial charge transfer state (CTS) is formed? In order to answer this ques-
tion, bilayer solar cells are fabricated which allow for an approximation of the
electric field strength in between the two electrodes.
For each type of interface, 15 to 26 solar cells were measured from five indepen-
dent batches. In Figure 6.5 and Table 6.2 the average performance is summa-
rized, as well as the performance of champion cells (values in brackets). For a
pristine P3HT-TiO2 interface, the average power conversion efficiency is 0.12%,
together with the largest short circuit current (Jsc) of 0.71 mA/cm2 and a rela-
tively low open circuit voltage of only Voc=0.39 V.

FIGURE 6.5: Solar cell device performance using BTx interlayers
on TiO2-P3HT bilayer structures. Between 15 to 25 solar cells are
presented for each kind from more than 5 different and indepen-
dent batches. Boxes indicate the interquartile range between the

75th and 25th percentile. Horizontal lines are median values.

When introducing a BTx interlayer, two interesting effects take place. First, the
Jsc decreases for increasing numbers of thiophene tail units. Second, FF and Voc

improve significantly if BTx oligomers are used with short thiophene tail units.
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For BT0 based solar cells the lowest photocurrent output is obtained, due to
the low EA offset preventing exciton dissociation on the polymer. At this point
it is necessary to note that BTx oligomers absorb light below 650 nm (see Figure
6.4) such that contribution from the interlayer to the overall photocurrent have
to be considered.

TABLE 6.2: Average solar cell performance of approximately 20
devices from more than 5 different and independent batches. The
table includes the open circuit voltage Voc, the short circuit cur-
rent density Jsc, the fill factor FF and the power conversion effi-

ciency PCE. Champion cells are included in brackets.

sample Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

pristine P3HT 0.39 (0.51) 0.71 (1.08) 47 (55) 0.12 (0.17)
BT0 0.47 (0.52) 0.22 (0.32) 53 (60) 0.05 (0.08)
BT5 0.59 (0.71) 0.69 (0.86) 50 (62) 0.21 (0.29)
BT10 0.47 (0.55) 0.65 (0.73) 54 (60) 0.16 (0.19)
BT20 0.38 (0.51) 0.49 (0.69) 47 (52) 0.07 (0.12)

Therefore, it is important to differentiate between modifier and polymer when
relating changes in the photocurrent with improvements in the charge separa-
tion efficiency on the polymer interface. In Figure 6.4, characteristic absorption
spectra are presented for all organic absorber materials which are deposited on
a TiO2 surface. The absorption maximum of BT5 and BT10 is around 470 nm
and shifts towards longer wavelengths for BT20. For the latter there is a strong
spectral overlap with the polymer absorption with at least two distinct peaks at
605 nm and 550 nm. These absorbance peaks correspond to the 0-0 transition
and 0-1 transition of thiophene aggregates [37] and indicate that also interlayer
molecules start to crystallize if longer thiophene units are employed [37]. Except
for BT20, these signatures can be used to reveal photocurrent contributions from
P3HT.

FIGURE 6.6: External quantum efficiency (EQE) measurements
of bilayer solar cell devices using BTx interlayers in between TiO2

and P3HT.
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For this purpose, the external quantum efficiency (EQE) is shown in Fig-
ure 6.6. Due to the spectral overlap with the polymer absorption and the weak
absorption strength of the BTx monolayers it is challenging to determine con-
tributions from the interlayer. Furthermore, EQE signatures are very similar in
between the samples for which two distinct peaks can be noticed at 470 nm and
425 nm, respectively. Both peaks are present in all solar cell architectures, no
matter if BTx oligomers are incorporated or not. Especially the peak at 425 nm
cannot be related with any absorption feature of employed materials. Instead,
their occurrence indicates the relevance of cavity modes and interference effects
of standing waves in the solar cell cavity.

FIGURE 6.7: a) Absorbance of full solar cell measured in the
integrating sphere. b) Absorption simulated for the solar cell
architectures using the transfer matrix algorithm published by
Burkhard et al. [113]. The BTx interlayer is approximated by the
optical properties of rraP3HT and film thicknesses are based on

AFM measurements (see Table 6.3).

In order to account for intensity maxima (minima) due to constructive (destruc-
tive) interference of the electric field and back-reflections of an incident light
beam, the absorption of a full solar cell device is measured, i.e. including Ag
back contacts. As it is seen from Figure 6.7 a) both EQE peaks at 425 nm and
470 nm can be adequately explained by absorption enhancement for the given
device architecture. From these absorbance measurements it can be further ob-
served that absorption characteristics of the full devices are very similar among
each other with small differences above 550 nm, i.e. the absorption regime in
which P3HT predominantly absorbs. These differences arise due to slightly dif-
ferent wetting conditions when spin-coating P3HT on BTx which cause varia-
tions in the polymer film thickness (see Table 6.3). Hence, variations in film
thickness cause changes in the cavity length and absorption features get less/more
pronounced. This is better seen in simulations (Figure 6.7 b)) which are based
on the transfer matrix algorithm presented in Chapter 3 or [113]. Qualitatively,
these simulations reproduce observations on the occurrence of peaks and ab-
sorption variations above 550 nm from experiment. Below 450 nm simulations
deviate stronger from experiment which we attribute to the fact, that optical
properties of all BTx interlayers are described by a 1 nm thick rraP3HT layer in
simulation. This is only a first order approximation and does not account for
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the gradual assimilation of its optical characteristics with rrP3HT for increasing
thiophene tail lengths of BTx.

TABLE 6.3: Film thicknesses of complete solar cell devices. The
polymer thickness is obtained from AFM measurements on a
scratch and TiO2 values are extracted from calibrated sputter

rates.

sample TiO2 (nm) polymer (nm) device (nm)

pristine P3HT 70 110 (8) 180
BT0 70 87 (1) 157
BT5 70 105 (7) 175
BT10 70 101 (6) 171
BT20 70 84 (9) 154

6.3 Polymer Morphology

As introduced in Chapter 2 electronic properties of polymer thin films depend
crucially on molecular order and aggregation. In [17] we showed, that aggrega-
tion can be influenced if the metal oxide surface is sensitized by dye molecules.
Especially if wetting properties vary, the film formation process is different and
the polymer morphology can change. In this study, the metal oxide surface is
modified with oligomers which exhibit a varying thiophene tail length.

FIGURE 6.8: Normalized photoluminescence (PL) spectra of
P3HT films, spin-coated on BTx modified TiO2 surfaces.

Consequently, it is necessary to control for such changes to evaluate the poten-
tial impact of the different surface modifiers on the polymer’s morphology and
resulting changes in electronic properties. Already from film thickness measure-
ments it could be seen that wetting properties change only marginally since film
thickness deviations are smaller than 15%. In Figure 6.9 topography images are
shown that were measured with an AFM in tapping mode. Spin-coating P3HT
on top of BT0 modified TiO2 results in reduced surface roughness, while the
topography exhibits a similar surface texture for surface modifiers with longer
thiophene tail units. As introduced in Chapter 2, changes in the polymer aggre-
gation can also be seen from PL spectroscopy, since the 0-0 transition is dipole
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forbidden in H-aggregates and super-radiative in J-aggregates (can also be en-
hanced by energetic disorder). In order to differentiate between an increase in
J-aggregation and disorder induced transitions, it is necessary to evaluate also
spectral shifts (red shift: increasing aggregation, blue shift: decreasing aggre-
gation). In Figure 6.8 corresponding PL spectra are shown for the investigated
sample structures. Similar to observations from AFM measurements, the BT0

sample constitutes again an exception and spectral signatures for the other films
are identical. For the BT0 sample there is a slightly increased 0-0 transition,
while a spectral shift is absent. This indicates an enhanced J-aggregation. Based
on both investigations, AFM and PL spectroscopy, BTx interlayers do not sig-
nificantly influence the aggregation process of P3HT and therefore performance
improvements in solar cells cannot be related with changes in the morphology.

FIGURE 6.9: Topography of P3HT films deposited on a pristine
TiO2 surface (w/o) and sensitized surfaces with BT0, BT5, BT10

and BT20.
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6.4 Charge Carrier Separation Dynamics

Due to the morphological and the conceptional similarity of investigated sys-
tems, it is possible to correlate performance improvements in solar cell devices
directly with changes in the charge carrier interaction during their separating. In
Figure 6.10, the transient absorption of P3HT on TiO2 is presented as a function
of delay time and wavelength in order to identify signal contributions originat-
ing from different charge carrier states (the complete TAS maps of all samples
can be found in the Appendix).

FIGURE 6.10: Transient absorption map measured for a P3HT
film on a pristine TiO2 film. The signal ∆T (norm.) is normalized
at 550 nm and 100 fs which defines the time resolution in this

measurement.

6.4.1 Transient Absorption Spectroscopy: fs-ns Kinetics

In general, observations on TAS results are very similar to the previous chapter
with some interesting improvements related with the polaron lifetime. Directly
after excitation, there is an instantaneous photo-bleach (PB) for wavelengths
smaller than 630 nm. The PB shows two distinct peaks at approximately 615
nm and 550 nm, which are related with the vibronic replica of the exciton transi-
tion from the electronic ground state S0 into the first excited state S1. For probe
wavelength of 640 nm to 670 nm probe wavelength the transient signal turns
negative due to photoinduced absorption (PIA) of polaron states.
In contrast to the previous chapter, all samples show a positive signal above
670nm on fast time scales (Figure 6.11) due to stimulated emission (SE) from S1

to S0 [135]. This discrepancy in between the two measurements is expected since
a fraction of bulk excitations does not reach an acceptor interface if bilayers are
investigated. In contrast, it is interesting to note that SE is weakest for a pristine
TiO2-P3HT interface. This observation is better seen from normalized spectral
cuts at 200 fs (Figure 6.11). If the delay of the probe pulse is increased (ps-time
range), this signal gets negative as presented in Figure 6.12. This change in sign
occurs due to a spectral overlap with the PIA of polaron related optical transi-
tions [135]. After 40 ps, the PB in pristine P3HT has decayed by roughly 60%
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from its initial amplitude. For samples containing BT5 or a pristine TiO2 inter-
face the PB signal is more stable.

FIGURE 6.11: Transient absorption spectra of P3HT on different
interfaces extracted 200 fs after excitation. Spectra where normal-

ized at 100 fs at 550 nm.

Strongest PIA contributions can be observed for the sample containing BT5 and
only weak contributions are present for a glass or BT0 interface. For time delays
longer than 400 ps, observations get more pronounced and differences between
samples intensify. For such long time delays excitons in P3HT have largely de-
cayed [26] and probe spectra are dominated by free carrier relaxation dynamics.

FIGURE 6.12: Transient absorption spectra of P3HT on different
interfaces extracted 40 ps (top) and 400 ps (bottom) after excita-
tion. Spectra where normalized at 550 nm and 100 fs, while the

y-axis is adjusted in order to improve comparability.
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A more precise picture on the dynamics of individual species can be gained
from monochromatic time delay scans. In Figure 6.13 a) the decay profile of
the PB is shown which is probed at 550 nm (PB550). For all samples, this signal
builds up instantaneously after excitation and decays with similar kinetics on a
fs timescale. In contrast, when increasing the probe delay, deviations between
samples get more and more prominent. Slowest decay kinetics are measured
for samples containing BT5, but relatively strong for pristine P3HT and samples
containing BT0. PB dynamics are generally based on the behavior of all excited
state species, i.e. polarons and excitons. Consequently, in order to probe po-
laron kinetics separately PB kinetics are compared to the dynamics measured at
660 nm (PIA660).
At a probe wavelength of 660 nm, the impact of SE is reduced, but still present
when taking the PL spectrum into account (see Figure 6.8 where the PL spec-
trum of P3HT is shown). As a result, the PIA660 increases in all samples within
the first 500 fs, since SE contributions reduce gradually and PIA gains on spec-
tral weight. Despite of this overlap, relative kinetics observed at PB550 are not
only reproduced but even enhanced. The longest polaron lifetime is present in
the sample containing BT5, for which the signal decays by only 50% within the
first nanosecond. In contrast, for pristine P3HT and BT0 PIA contributions are
negligible on a ns time scale.

FIGURE 6.13: a) Decay dynamics of the photo-bleach (PB) mea-
sured at 550 nm probe wavelength. b) Photoinduced absorption

(PIA) measured at 660 nm probe wavelength.
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6.4.2 Field Assisted Charge Separation from CT states

In Chapter 5 it has been demonstrated that the charge generation process is dom-
inated by a multistep process at hybrid organic-inorganic interfaces. After ex-
citon dissociation, CT states form with the electron located on the acceptor and
the hole on the donor. Therefore, charge separation from electronically relaxed
CTS requires an additional driving force to overcome the strong Coulomb inter-
action between the two charge carriers. According to the Onsager-Braun model,
geminate recombination in a CT state can be reduced if a counteracting electric
field is applied. Accordingly, the dissociation efficiency saturates if the applied
field balances the Coulomb binding energy. Charge carriers are considered to be
free if electron and hole are separated by the Onsager radius rc:

rc =
q2

4πǫ0ǫrkBT
(6.1)

with the elementary charge q, the vacuum permittivity ǫ0, the effective medium
permittivity ǫr and the thermal energy kBT . The impact of morphology and
trap states is not included in the Onsager-Braun model, but their influence can
be approximated to be identical for all architectures in this study. Neither TiO2

bulk properties are affected by BTx nor the polymer aggregation is influenced as
seen from the last section.
Employing Equation 3.2 from Chapter 3, it is possible to investigate the nor-
malized short circuit current Jsc(F ,λ) as a function of electric field F and in-
cident photon energy (represented by the wavelength λ - see Figure 6.14). In
the Onsager-Braun model, the strength of the Coulomb binding energy in a CT
state can be estimated by the saturation of the photocurrent along with an ap-
plied field in a point-charge approximation. Although it is not possible to excite
individual organic absorber layers exclusively, we can change their relative con-
tributions by a suitable choice of photon wavelength. For wavelengths smaller
than 500 nm, the exciton generation rate in P3HT reduces significantly. Conse-
quently, in normalized photocurrents relative contributions from BTx increase.
In Figure 6.14 the Jsc(F ,λ) is presented for three selected wavelengths, namely
425, 475 and 600 nm.
For a pristine P3HT-TiO2 interface it can be observed that the Jsc(F ,λ) reduces
significantly with decreasing electric field strengths. This observation is inde-
pendent on incident photon wavelength and gets even more pronounced when
using a BT0 interlayer. As soon as thiophene tail units are incorporated, how-
ever, observations change drastically. For solar cells containing BT5, a pro-
nounced improvement in the dissociation efficiency becomes obvious by a re-
duced dependence of the Jsc on the applied electric field. In principle, this ob-
servation stays valid for 425 nm and 475 nm when using BT10. For 600 nm inci-
dent photon wavelength, the dissociation efficiency reduces significantly again
and the saturation regime is not even reached within the employed electric field
range. For bilayer solar cells containing BT20 the charge separation efficiency de-
creases further and the dependence on photon energy is getting weaker again.
Among all systems it has to be noted that the separation efficiency is larger if
excitons are generated by higher energy photons.
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Due to the intrinsic dipole moment of BTx, it is highly challenging to quan-
tify the charge transfer state energy. They do not only alter the electric field
strengh across the interface but also shift the vacuum level of TiO2 [99, 153]. The
intrinsic dipole moment of BTx points away from the metal oxide due to the
electron withdrawing head-group. Such a dipole orientation usually enhances
the Voc but reduces the Jsc due to an effective increase of gap energy between
the metal oxide conduction band and the polymer’s highest occupied molecular
orbital [99]. This can be well rationalized for BT0 based solar cell devices (Table
6.2). In contrast, it is assumed that thiophene tail units reduce this dipole mo-
ment due to a geometrical separation of the center of charge. For short tail units
of 5 monomers, however, an improvement of the Voc is observed while the JSC
decreases continuously for longer tail units. Consequently, a simple description
using the impact of dipole moments is not sufficient to explain our observations
on solar cell devices.

FIGURE 6.14: Normalized Jsc of investigated bilayer solar cells
as a function of electric field and photon energy. The field is
calculated with Equation 3.2, using the Voc and determined film

thickness reported in Table 6.3.

Instead, it is necessary to take observations from transient absorption spectroscopy
measurements into account. In those it could be seen that SE from non-separated
excitons is significantly lower for a TiO2-P3HT interface. In combination with
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the largest photocurrent output in solar cell devices, this suggests most efficient
exciton dissociation properties. A pristine interface is supposed to deliver the
largest energetic driving force for exciton dissociation since the conduction band
is even lower in energy than the EA of BT5 [16]. More importantly, the polaron
lifetime on P3HT is significantly enhanced on a BT5-TiO2 interface. Transient
absorption spectroscopy was measured on samples without electrodes, i.e. the
charge separation process is probed under quasi-open circuit conditions and
only diffusive transport can occur. As a result, the lifetime of charge carriers
depends on the separation distance of opposing charge carries upon successful
exciton splitting. Similar to results presented in Chapter 5, this provides evi-
dence that charge generation is limited by the formation of localized CTS at a
polymer/metal oxide interface.

6.5 Summary

By means of our novel BTx molecules it could be shown that the energy offset
at donor-acceptor interfaces is a key driving force for exciton dissociation. Con-
sistent with observations from Chapter 5, charge carriers stay localized upon
exciton dissociation and form a strongly bound CT state. In order to limit re-
combination losses it is therefore necessary to introduce an additional driving
force to assist the separation process from such states. Based on results pre-
sented in this chapter some very important design rules for interlayer molecules
could be reveal which will help to improve the exciton dissociation efficiency at
hybrid interfaces:

1. A push-pull building block introduces a permanent dipole moment at the
heterointerface and lowers the Coulomb force between electron-hole pairs.

2. An energy cascade is needed for efficient charge injection and extraction.

3. Interlayers act as spacial separator for the electron on the acceptor and the
hole on the donor.

4. A large EA offset between donor and acceptor enhances the dissociation
efficiency.

Observations and results from this chapter provide further evidence that the
charge separation efficiency is mainly limited by the formation of localized CT
states. Therefore, in order to overcome recombination losses at organic-inorganic
interfaces it is necessary to introduce molecular interlayers, which assist the sep-
aration process. By the intrinsic dipole moment of the BTx molecules and an
introduced energy cascade, the power conversion efficiency could be improved
by more than 60% in a simple bilayer architecture.
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Chapter 7

Exciton Migration in Polymer
Thin Films

This chapter is based on the manuscript [154] which I wrote as a part of my Ph.D.
Beside sample fabrication I am responsible for project design, data acquisition
and interpretation. D. Proepper has performed spectroscopic ellipsometry and
corresponding data analysis. A. Graf has built the steady state setup in his mas-
ter thesis and S. Jores did some of the presented measurements in his bachelor
thesis. I have supervised both theses as a part of my PhD. Reprinted figures in
this chapter are with permission from [154]; Copyright (2017) by the American
Physical Society.

FIGURE 7.1: TOC figure summarizing the scope of this section.
In this Chapter an investigation on the mechanism of exciton mi-
gration in polymer thin films is made revealing the role of the

polymer glass transition temperature.

After having focused on the exciton separation mechanism, this chap-
ter presents results and findings on the exciton migration process. In
this context, it is not only possible to confirm the universality of a diffu-
sion/hopping model but also the role of dynamic disorder and the poly-
mer glass transition will be shown. In particular, the impact of the glass
transition temperature has not been observed before but depicts a crucial
finding in the understanding of exciton diffusion in conjugated polymers.
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7.1 Temperature Dependent Optical Properties of P3HT

As demonstrated in Chapter 2 polymer thin films usually exhibit a low electric
permittivity and structural disorder which cause a very strong electronic local-
ization with limited exciton diffusion lengths [29]. Exciton diffusion is typically
described within the framework of FRET and is strongly affected by orienta-
tional as well as energetic disorder [29]. Material anisotropy [155], structural and
in particular energetic disorder give rise to a broad density of states (DOS) with
an enhanced trapping probability and subsequent recombination rates of exci-
tons [27, 156]. Processing techniques [157], variations in molecular weight [158]
or defects along the backbone limit the fabrication of highly crystalline polymer
films with a narrow energetic site distribution. It is the variety of such influ-
ences which necessitates model systems for a systematic investigation of poly-
mer characteristic exciton dynamics. A polymer well understood with respect
to structure related properties is poly(3-hexylthiophene) (P3HT) [37, 159, 160].
Furthermore, due to its homopolymeric nature P3HT is an attractive candidate
for such investigations because no additional multipole moments and compli-
cated chemical modifications have to be accounted for [3, 86]. In fact, P3HT
has already been subject to many investigations on excitons in conjugated poly-
mers. Though, seemingly conflicting findings have put its model system char-
acter into question. Banerji et al.[26] could observe ultrafast exciton formation
with radiative decay dynamics starting already on a sub 200 fs time scale. It is
shown that early time spectra exhibit significant differences to later time scales,
namely a strongly enhanced 0-0 transition and an emission feature below 600 nm
- which corresponds to energies larger than the absorption onset. These two ob-
servations have occurred in various studies, though their interpretation varies
[26, 28, 51, 161]. Different dynamics of the 0-0 transition compared to higher vi-
bronic transitions have been explained by the emission from not yet relaxed exci-
tons to H-aggregates [26] and torsional relaxation of the polymer backbone after
excited states formation [161], while there are also reports which do not even ob-
serve such differences in dynamics of vibronic replicas [51]. Also the occurrence
of a high energy emission peak has found different explanations in literature.
It has been suggested that this additional peak arises from disordered polymer
segments [26], while it also has been attributed to hot exciton emission prior
to exciton relaxation [28]. Overall, a dynamic red-shift is seen in all emission
spectra of P3HT which is commonly explained by exciton migration to lower
energetic sites in the DOS. However, Paquin et al. [51] offer an alternative ex-
planation and attribute this red-shift to the influence of an evolving electric field
from photogenerated charge carriers in the polymer film. Such diverse conclu-
sions and apparently contradictory observations challenge P3HT to be a suitable
model system for general investigations on the fundamental concept of exciton
migration in polymer thin films. Instead, it is necessary to ask, whether conclu-
sions on P3HT are comparable and general also for other systems. By means of
steady-state and time-resolved photoluminescence (PL) spectroscopy in a tem-
perature range from 5-370 K this question is addressed. In the following it will
be shown that P3HT is indeed a model system that follows the same exciton
diffusion/hopping model as shown for other systems [24, 29, 156]. In addition,
compelling evidence is presented that the high energy emission peak is a direct
consequence of the polymer’s glass transition temperature, while hot exciton
emission can be excluded. Conclusions on structural changes with temperature
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are supported by temperature dependent spectroscopic ellipsometry. By doing
so, it is possible to track the evolution of optical and electronic properties with
temperature that are caused by an evolution of the polymer’s microstructure.

7.2 Sample Fabrication

10x10 mm2 SiO2/Si substrates were cleaned in an ultrasonic bath subsequently
in acetone and isopropanol for 10 min. This procedure is followed by an oxy-
gen plasma cleaning for 7 min. Thin polymer films of regioregular poly (3-
hexylthiophene) (rrP3HT - Rieke Metals, MW=51 kDa, PDI=2.1, >96% regioregu-
larity) or regiorandom P3HT (Rieke Metals, MW=51 kDa, <81% regioregularity)
were solution cast from a 10 mg/ml chlorobenzene solution at 1500 rpm for
120 s.

7.3 Temperature Dependent Photoluminescence in P3HT

In this section, the fluorescence behavior of 50 nm thick P3HT films is inves-
tigated with respect to its dependence on excitation energy and temperature.
Steady-state PL spectra of rrP3HT are shown in Figure 7.2. Below the optical
energy gap of roughly 1.9 eV, emission spectra are independent on excitation en-
ergy. However, when exciting mainly amorphous polymer domains at 405 nm
there is an additional relatively broad emission peak at energies larger than 2 eV.
Interestingly, this transition is only present around room temperature and does
not occur when the polymer film is excited at 532 nm. For 532 nm excitation, it
can be observed that the PL intensity of rrP3HT is continuously decreasing with
increasing temperature until it saturates at 250 K.

FIGURE 7.2: Normalized temperature dependent PL of rrP3HT,
excited at 532 nm (top) and 405 nm (bottom). The occurrence of
a high energy emission peak at room temperature is highlighted

in blue. Adapted from [154].



76 Chapter 7. Exciton Migration in Polymer Thin Films

In contrast, when exciting with 405 nm a small local maximum at 300 K becomes
obvious and the PL intensity is further increasing for even higher temperatures
(Figure 7.3).

FIGURE 7.3: Normalized peak PL intensity dependence on tem-
perature. rraP3HT was excited at 405 nm. Adapted from [154].

Also for rraP3HT there is a strong increase in PL intensity above 250 K with a
local maximum just below 300 K. In order to investigate these observations with
respect to molecular configuration and microstructure, temperature dependent
PL spectra are modeled within the Franck-Condon (FC) picture.

FIGURE 7.4: Temperature dependence of refractive index n (top)
and extinction coefficient k (bottom) of a 100 nm rrP3HT film.

Adapted from [154].
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Different from single molecule emission, dipole coupling influences both the
transition probability, which usually just follows a Poisson distribution and in-
homogeneous line broadening due to energetic disorder. P3HT is a conjugated
polymer with significant torsional disorder along the backbone. In addition,
the size of aggregates is randomly distributed in an amorphous matrix. Conse-
quently, transition lines are well described with Gaussian functions Γ. Dipole
coupling on the other hand also depends on the dimensions of aggregates, i.e.
transition dipole moments of neighboring chromophores. As introduced in Chap-
ter 2, the length scale of each delocalized π-orbital system along the backbone
determines the strength of intramolecular coupling [37]. Clark et al. [162] sug-
gest PL modeling within a modified FC model in which the 0-0 transition is
treated individually:

I(ω) ∝ (~ω)3n3e−λ2

eff

[
αΓ(~ω − E0) +

j∑

m=1

λ2
eff

m

m!
Γ(~ω − (E0 −mEp)

]
(7.1)

n is the refractive index, λ2
eff is the effective Huang-Rhys factor, m is the vi-

brational mode number, E0 is the energetic position of the 0-0 transition, Ep is
the energy of a C=C stretching mode, and α is the amplitude describing the 0-
0 transition. In general, all of these parameters are temperature dependent, a
fact which has often been ignored in the past. For this study the evolution of
the refractive index n(ω,T) and extinction coefficient k(ω,T) was determined by
means of temperature dependent ellipsometry. In Figure 7.4 both parameters
are shown as a function of temperature for rrP3HT.

FIGURE 7.5: Temperature dependence of the extinction coeffi-
cient k (top) and the refractive index n (bottom) of a 100 nm thick

rraP3HT film. Adapted from [154].
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At each temperature the polymer film thickness was determined by fitting
a Cauchy model to the spectral range between 1.2-1.8 eV, which is well below
the absorption edge (k=0). With the film thickness fixed the effective complex
refractive index ñ=n+ik was fitted in the energy range from 2.5-3.2 eV in a point-
by-point fashion and the absorption of aggregated rrP3HT is modeled with a
series of three Tauc-Lorentz functions. For rraP3HT the respective curves are
shown in Figure 7.5.
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FIGURE 7.6: Temperature dependence of fit parameters extracted
from fits with equation 7.1 on steady state spectra of rrP3HT: a) 0-
0/0-1 transition ratio, b) eff. Huang Rhys factor λ2

eff , c) 0-0 tran-
sition energy and d) vibrational energy to which the electronic
transitions couples to. Values are obtained from fits on spectra
shown in Figure 7.2. Interpoint connection serves as guide for
the eye and error bars represent the standard deviation obtained

from fits. Adapted from [154].

Steady state PL spectra of rrP3HT are modeled with Formula 7.1. All Gaussians
share the same width and vibronic distance. Fits are independent on starting
parameters and spectra are gradually fitted from low towards high tempera-
ture. Resulting fit parameters are used as starting values for fits on subsequent
spectra. Modeling measured spectra with Equation 7.1 reveals a rather constant
λ2
eff up to 225 K with an increasing 0-0/0-1 transition ratio independent on the

excitation energy (Figure 7.6). This observation can be explained by thermally
activated emission from the 0-0 transition while a constant λ2

eff suggests aggre-
gates to be in a constant phase. Above 225 K, λ2

eff increases to a local maximum
and the 0-0/0-1 transition ratio decreases to a local minimum. For tempera-
tures higher than 300 K λ2

eff decreases continuously and the 0-0 transition is
enhanced. It is worth noting that λ2

eff is significantly lower if the sample is
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excited at 405 nm, which can be rationalized by the fact that more amorphous
polymer domains are excited (Figure 7.6).

7.4 Dynamic Exciton Signatures

In Figure 7.7 time-resolved PL streak camera images of rrP3HT are shown for
several selected temperatures (more can be found in the Appendix C). These
full maps illustrate the dynamic exicton behavior, which will be now analyzed
with respect to temporal and spectral changes.

FIGURE 7.7: Time resolved PL of rrP3HT measured in a tem-
perature range between 5 to 350 K. By using 405 nm excitation
wavelength, the fluence was held below 1 nJ/cm2 in order to
avoid non-linear exciton dynamics. All PL measurements have
been performed in a continuous flow cryostat (Janis ST100) in
evacuated atmosphere (p<10−5mbar). Images are shading and
intensity corrected while a spline interpolation is used to reduce

the effect of pixel errors and noise. Adapted from [154].
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7.4.1 Kohlrausch-Williams-Watts Representation

In general, observations can be categorized into three regimes, namely a low
temperature regime (below 200 K), an intermediate temperature regime (be-
tween 200-300 K) and a high temperature regime (and above 300 K). In all cases,
there is a kinetic spectral red-shift, a reduced exciton lifetime with increasing
temperature and a high energy emission peak between 250-300 K.

FIGURE 7.8: a) ln(I0/I) decay of the 0-1 transition. Solid lines are
stretched exponential fits using equation 7.2. The initial decay
is characterized by a pure exponential (β=1) and converges to
0.5 for longer times b) PL decay of the 0-1 transition on a semi-

logarithmic scale. Adapted from [154].

Exciton transfer in conjugated polymers has often been described by dipole
coupling to neighboring energetic sites following an incoherent diffusive ran-
dom walk [163, 164]. Bässler and co-workers have introduced the Kohlrausch-
Williams-Watts (KWW) function as mathematical description for exciton migra-
tion in which the number of neighboring energetically lower lying energy states
is dynamically reducing:

I(t) = exp

[
−
(

t

t0

)β
]

(7.2)

Exciton diffusion can be described by a single-exponential decay of lifetime t0
(β=1). In contrast, if tail-states in the DOS are reached exciton migration is re-
strained to single-step FRET which expresses in β=0.5 [163]. As shown for three
examples of the different temperature regimes (Figure 7.8), exciton dynamics
can be well well described within the KKW model. At short time scales (≪
100ps) the PL decay rate is independent on time, while kinetics gradually turn
into a β=0.5 regime for longer times. The two asymptotic regimes are fitted in
order to better visualize the temperature dependent observations (see Figure 7.8
b)). As summarized in Table 7.1 deviation from theoretical values occur due to a
gradual and broad crossover region in between the two regimes. Consequently,
fit results slightly depend on chosen fit ranges but qualitative observations are
not affected.
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TABLE 7.1: β obtained from fits using equation 7.2 on PL decays
for short times (βs ; ≪100 ps) and longer time scales (βl; >100 ps).

Uncertainties of fits are in brackets.

Temperature (K) βs βl

77 1.10 (±0.04) 0.60 (±0.01)
250 1.13 (±0.05) 0.63 (±0.01)
350 1.12 (±0.05) 0.62 (±0.02)

7.4.2 Spectral Diffusion

Two other essential signatures for energy diffusion within a broad DOS are a
dynamic spectral red-shift and a time dependent 0-0/0-1 transition ratio. In
Figure 7.9 a) normalized spectral cuts of above streak images are shown. At 77
K, there is a red-shift of spectra of approximately 60 meV in combination with a
progressive reduction of the 0-0 transition relative to higher vibronic replica.
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In Figure 7.9 b) it can be observed that 0-0/0-1 transition ratio decreases by
more than 40%, where over 30% fall upon the first 200 ps. In the intermediate
temperature regime, the 0-0 transition is reduced by only 20% from the initial
amplitude and for the high temperature regime the 0-0/0-1 ratio decreases even
less pronounced. At 250 K, the red-shift takes place within the first 100 ps and
stable conditions are reached in less than 50 ps for 350 K. For both temperature
regimes there is no significant impact on spectra for longer times than 200 ps.
Thermal broadening, strong peak overlap and a reduced signal-to-noise ratio
lead, however, to fit inaccuracies as seen in a relatively large data scattering in
Figure 7.9 b) and c) for higher temperatures and later times. Although these
observations evoke the appearance of different excitonic dynamics for vibronic
replicas, the 0-0 transition is reduced because of a progressive change in mor-
phology and energetic order. Seemingly different kinetics of the 0-0 transition
can be interpreted as a probe for a dynamically changing local energetic envi-
ronment of migrating excitons.

7.4.3 Exciton Kinetics

In the following, the two migration regimes are approximated with a bi - ex-
ponential decay behavior. Doing so, it is not only possible to gain information
about the activation temperature upon which excitons start to migrate, but also
we are able to determine the impact of the occurrence of the high energy emis-
sion peak on exciton lifetimes. At room temperature this results in τ1=22±4 ps
and τ2=141±19 ps for rrP3HT (see Figure 7.10 and 7.11).
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tion obtained from fits. Adapted from [154].

This is slightly shorter than what has been reported in literature [26] but can
be well explained with surface quenching effects in thin films. Already for a
100 nm film, the exciton lifetime increases by more than a factor of three. This
finding is consistent with earlier observations [165] and can be rationalized by
slightly changed film morphologies, surface polarization or electron traps in-
duced by oxygen at the film terminating surface [166, 167].
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Within this work it cannot be differentiated in between those, however, the fun-
damental mechanism of exciton migration stays qualitatively unaffected since
observations on decay dynamics with temperature are independent on film thick-
ness (see Figure 7.11). As illustrated, the fast decay component (τ1) hardly de-
pends on the energetic position at which it is evaluated. In contrast, the slow
component (τ2) is enhanced by roughly 20% at low temperatures, if the exciton
lifetime is analyzed at the 0-1 transition instead of the 0-0 transition. This dif-
ference reduces around 200 K and subsequently vanished in the intermediate
temperature range.
Interestingly, the exciton lifetime is independent of the excitation wavelength
(as shown Figure 7.11). Fluorescence decay kinetics of rraP3HT are presented in
Figure 7.13. Decays are well described within a bi-exponential description with
a temperature independent exciton lifetime up to 150 K. In contrast to rrP3HT,
the lifetime is strongly enhanced at 250 K. In addition, the slow decay compo-
nent is strongly increased as it can be seen in a decrease in Amplitude A1 (see
Figure 7.12). More detailed data is shown in Appendix C, which also includes
the full spectral information.
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7.4.4 Impact of the Glass Transition Temperature

Extending the analysis from a pure investigation on exciton dynamics to the
evolution on spectra, it is possible to explain observations on steady-state PL
spectra. For temperatures between 250 K and 300 K there is an additional emis-
sion peak at energies larger than the optical gap of rrP3HT in Figure 7.7. For
the same temperature range excitons in rraP3HT exhibit longer lifetimes with
enhanced radiative emission behavior. Interestingly, the high energy emission
in rrP3HT is virtually absent if mainly aggregated P3HT is excited at 532 nm for
any temperature (see Appendix C).
Different to Chen et al. [28] we do not attribute hot-exciton emission to be re-
sponsible for this observation. First, even for an excitation wavelength of 532 nm
there is sufficient excess energy available for accessing such initially higher lying
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electronic states from where emission should occur. Second, hot-exciton emis-
sion is a property that does not only occur in a narrow temperature range but
rather increases at lower temperatures due to reduced non-radiative decay chan-
nels. Furthermore, Banerji et al.[26] could show that exciton relaxation happens
on a timescale faster than 200 fs, during which more than 90% of the total Stokes
shift take place while the high energy emission exhibits a ps lifetime as shown
in this study. Instead, observations on rraP3HT are more conclusive and might
better explain such an observation. In the same temperature range for which we
observe a high energy emission in rrP3HT, there is a strongly enhanced radiative
emission in rraP3HT observed with enhanced exciton lifetimes. It is well known
that P3HT exhibits a glass transition temperature Tg just below room temper-
ature [168]. For this reason, the evolution of film thickness on temperature is
analyzed by means of ellipsometry. Below Tg, chain conformation is hampered
and chain relaxation is prohibited [169]. Even for higher temperatures chain
relaxation is confined to well-ordered aggregates and relaxation dynamics are
limited. Therefore, the glass transition temperature is determined by the behav-
ior of the fraction of amorphous polymer domains or mobile non-interacting
chain segments [168, 170].

FIGURE 7.14: Film thickness as a function of temperature for
rraP3HT and rrP3HT. Two linear regimes can be identified and
fitted with an intersection at T=2533K, identifying the glass tran-
sition temperature [169, 171]. Below 150 K molecular motion is

frozen and the film thickness saturates. Adapted from [154].

At Tg, the thermal expansion coefficient changes due to a different elastic mod-
ulus of the glassy state and the rubbery state [169, 172]. Since it is a second or-
der phase transition, volume and enthalpy change continuously [168]. As seen
on the thickness evolution of a 100 nm P3HT film 7.14, we could determine Tg

to be located around 250 K, a value that is close to those reported in literature
[168]. More interestingly, it matches the lower edge of the temperature range
in which the high-energy emission occurs. It is important to note that Tg is not
a physical constant, but rather depends on heating and cooling rates because
the relaxation time is temperature dependent. Therefore, Tg can extend over
a broader transition region if measurement time or heating and cooling rates
become faster than the structural relaxation time. Glass transition temperature
values in the literature may additionally vary due to influences of film thickness
[173, 174], molecular weight [171], free surfaces and interface interactions [169].
Due to this fact, it is also not surprising that the high-energy emission peak is
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not always observed in experiments that are typically performed at room tem-
perature. The efficiency of exciton migration depends largely on intermolecular
coupling which is a function of temperature. Already moderate temperatures
can impact weak non-covalent forces by introducing low frequency vibrations
[175]. In addition, dynamic disorder, i.e. molecular and torsional motion around
an equilibrium position, can influence the transfer integral between orbitals sig-
nificantly [31].
For this reason, it is evident that the glass transition coincides with the tem-
perature range in which the high energy emission occurs in rrP3HT and exciton
lifetimes are enhanced in rraP3HT (with an increased quantum yield). The latter
two properties indicate that non-radiative decay losses are reduced at Tg, which
can be rationalized by trapped excitons in decoupled and electronically isolated
polymer chromophores. Due to negligible orbital overlap to neighboring en-
ergetic sites these excitons are spatially localized and have to recombine radia-
tively, while non-radiative channels and dissociation sites cannot be reached.
Consequently, exciton diffusion from amorphous polymer domains into aggre-
gates is suppressed and emission does not exclusively occur in highly ordered
polymer domains anymore. This process is fundamentally different from hot-
exciton emission since it is a diffusion limited process and electronically local-
ized excitons are recombining because of a disruption of orbital overlap. From
steady state PL spectra it is seen that λeff

2 is significantly enhanced, which sug-
gests stronger exciton localization [32]. Additionally, the 0-0/0-1 transition ratio
is reduced due to either an improved H-aggregation or a reduced interaction
of excitons with the amorphous matrix [37]. This observation, in combination
with an increased PL intensity further supports the conclusion of an electronic
decoupling of aggregated and non-aggregated polymer domains.

7.4.5 Mechanism of Exciton Migration

Besides the high-energy emission peak, it is also necessary to clarify the origin
of different decay dynamics of the 0-0 transition compared to higher vibronic
replicas. In general, the exciton lifetime is increasing by approximately a factor
of 2 for temperatures below 150 K and determined exciton lifetimes at the 0-0
transition appear to be reduced. Such a dynamic decrease of the 0-0/0-1 transi-
tion ratio within an exciton decay process can result from a planarization of the
polymer backbone or a migration to lower energetic sites in the DOS [156, 161].
In principle, our observations fit very well to the latter explanation (schemati-
cally shown in Figure 7.15 a)) and there is no evidence for a dynamic torsional
relaxation after excitation [161]. After light absorption and exciton localization,
excitons diffuse to lower energetic sites in an inhomogenously broadened DOS.
At low temperatures excitons are trapped in the lowest energetic site they can
reach, while thermally activated hopping occurs at temperatures above the mo-
bility edge Er. Figure 7.15 b) shows the energetic position of the 0-0 transition
directly after excitation (within the instrument response time) and for a point in
time when more than 95 % of the signal has already decayed. At low tempera-
tures downhill migration causes a dynamic red-shift of approximately 60 meV.
Above 150-200 K excitons get activated for hopping into higher lying states with
the red-shift being reduced to 20-25 meV at room temperature. In general, the
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exciton lifetime is increasing by approximately a factor of 2 for temperatures be-
low 150 K and the 0-0 transition decays slightly faster than higher vibronic repli-
cas. This observation fits well to exciton migration to lower energetic sites [176]
with higher H-aggregate character in which the 0-0 transition is suppressed.

FIGURE 7.15: a) Model of exciton diffusion which can be de-
scribed by two regimes, namely exciton diffusion via energy
transfer and exciton hopping to neighboring sites in a broad
DOS. The latter process takes place for temperatures sufficient
for thermal activation above the transport energy Er. b) Energetic
position of the 0-0 transition E0−0 as a function of temperature.
The position is extracted within our instrument response time di-
rectly after excitation E0−0(tIRT ) and the final position E0−0(tend)

when the signal has largely decayed. Adapted from [154].

Another measure for exciton diffusion is the occurrence of a PL anisotropy de-
cay. The polarization anisotropy is given by:

r(t) =
Ip(t)− Iap(t)

Ip(t) + 2Iap(t)
(7.3)

using the Pl intensity measured with parallel Ip(t) or anti-parallel Iap(t) polariza-
tion relative to the excitation pulse polarization. Depolarization of fluorescence
takes place because of excitons that migrate along the polymer backbone or be-
tween chains. In a theoretical limit anisotropy is equal to 0.4. However, due
to dynamic conformational disorder [177], coherent transport [27], exciton lo-
calization and structural relaxation [178, 179] this value is reduced. We have
measured r(t) at 5 K in order to eliminated any contribution of thermal energy,
phonon interaction or torsional movements along the backbone. As shown in
Figure 7.11 d), for our films the PL anisotropy decay takes place on a timescale
similar to τ1. The fast decay component τ1 can therefore be assined to exciton
diffusion via energy transfer to lower energetic sites and τ2 describes the lifetime
of excitons in its final state from where it can only diffuse via hopping to neigh-
boring chromophores. For determination of the width of the DOS it is necessary
to evaluate the quantum efficiency η in more detail which constitutes the ratio
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of radiative decay rate (kr) to total decay rate:

η(T = 0K) =
kr

kr + knr
(7.4)

The dependence η on temperature is well described by the normalized PL inten-
sity as presented in Figure 7.3, if it is assumed that the radiation profile is not
changing significantly with temperature. Thermally activated hopping in the
DOS enhances non-radiative contributions, leading to [32, 180]:

knr(T ) = k0nr + kTnre
−

ER
kBT (7.5)

with a temperature independent non-radiative decay rate k0
nr and a temperature

dependent non-radiative decay rate constant kT
nr. Normalization of η at 5 K and

combining equation 7.5 and 7.4 leads to

ηnorm(T ) =
1

1 + kTnr

kr+k0nr
e

−Er
kBT

(7.6)

This leaves the initial ratio of kr vs k0
nr undefined, and relative changes of the

quantum efficiency are exclusively attributed to thermally activated non-radiative
recombination. A fit of the normalized temperature dependent quantum effi-
ciency with equation 7.6 let us determine the activation energy Er to be 50±8 meV
in our films. In this analysis, only evaluate data on rrP3HT can be analyzed that
is excited at 532 nm where influences of the glass transition temperature are vir-
tually absent.

7.5 Summary

By means of temperature dependent photoluminescence spectroscopy on P3HT
we observe (i) an increasing spectral red-shift, (ii) a spectral peak narrowing, (iii)
an increase of PL quantum yield and (iv) a reduced 0-0/0-1 ratio at lower tem-
peratures. These observations can be well explained within a diffusion-hopping
transport model that has also been applied to other systems successfully [156].
In this twofold exciton migration process non-radiative recombination of ex-
citons is enhanced by a broad DOS [180, 181]. During migration to lower ly-
ing electronic states, dynamics of the 0-0 transitions appear to be affected by a
change of the local environment of the excitation hosting chromophore.
Although there have been a lot of investigations on the influence of the poly-
mer glass transition temperature on mechanical characteristics, thermal stability
and its delamination behavior [168], little is known on its impact on electronic
properties. In this chapter it is shown that exciton diffusion from higher ener-
getic amorphous polymer domains into aggregates can be hindered at the glass
transition of a polymer. This can be rationalized by a disturbed electronic cou-
pling due to torsional molecular dynamics, which enhance charge localization.
Therefore, the high energy emission in rrP3HT occurs due to localized excitons
decaying radiatively in less ordered polymer domains.
Until now only few studies could show a strong dependence of charge carrier
generation on temperature and little is known about its influence on polaron
formation. In this chapter it is demonstrated that electronic coupling between
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amorphous and aggregated domains can be inefficient at the glass transition
temperature and electronic disorder dramatically decreases the mean exciton
diffusion lengths. How the process of charge generation is influenced by the
glass transition in detail remains an open question and demands for further in-
vestigations.
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Chapter 8

Tunability of Polymer
Aggregation and Morphology

This chapter is based on the manuscript [160] which I wrote as a part of this
dissertation. Beside sample fabrication I am responsible for project design, data
acquisition and interpretation. This work is signed as equal contribution with
S.T. Birkhold who has performed absorbance simulations. E. Zimmermann has
fabricated Sb2S3 films, H. Hu provided lead iodide perovskite films and K.-D.
Kim fabricated ZnO films. AFM measurements were partially performed by T.
Pfadler.

According to the previous Chapters, polymer aggregation is of crucial
importance for the electronic transport and the charge separation effi-
ciency. Especially frontier orbital energetics and the width of the density
of states are a direct consequence of the polymer morphology. Therefore,
this Chapter presents possibilities to tune the aggregation already in a
fabrication process. With the help of the HJ-aggregate model it is investi-
gated which surface properties of the substrate have an influence on the
film formation process and whether it is possible to engineer a suitable
chemical composition to enhance crystallinity towards such an interface.

FIGURE 8.1: TOC figure summarizing results of this section,
dealing with the tunability of polymer aggregation by appropri-
ate surface conditions. Beside an investigation on different inor-
ganic surfaces the impact of organic modifiers and their chemical

composition is studied.



92 Chapter 8. Tunability of Polymer Aggregation and Morphology

8.1 Role of Polymer Aggregation

Charge transfer and exciton migration takes place either along the polymer back-
bone (intrachain transport), or across π-orbital coupled neighboring polymer
chains (interchain transport). Whereas intrachain transport is mainly affected
by the alignment of the polymer backbone, interchain transport critically de-
pends on the order in π-stacking direction. As introduced in Chapter 2, exciton
dynamics can be disrupted by disorder [182] in either direction, since the delo-
calization of wavefunctions is perturbed. Most commonly, intrachain transport
along the polymer backbone demonstrates a higher mobility compared to inter-
chain transport in π-stacking direction, with a difference of about two orders of
magnitude in case of poly(3 - hexylthiophene) [183–185].
Especially solution based film fabrication methods, such as spin-coating, usu-
ally result in an amorphous polymer matrix containing aggregated domains
[185, 186]. As presented in Chapter 7, a broad density of states causes a high
probability of non-radiative recombination for both excitons and charges. In
addition, the charge separation process is strongly affected by the first mono-
layer energetics, which control not only the charge transfer state energy but
also affects the strength of geminate/non-geminate recombination [89]. Conse-
quently, there is an extensive research interest to increase polymer aggregation
and structural as well as energetic order. Several approaches and polymer in-
trinsic properties have been investigated. Concerning its chemical structure, the
regioregulartiy [136, 137, 187–191], the length of side chains [159, 192] and the
chain configuration can be modified [193–196]. There is also the approach to
improve pre-aggregation of the polymer in solution prior to spin-casting [197]
by the choice of solvent [157, 198, 199], solvent additives [138, 200–203], post
annealings [204] or molecular weight MW [56, 205]. The latter is especially im-
portant, since a high molecular weight allows for good interconnection between
isolated aggregates in the amorphous polymer matrix [186, 205–207].
In this section, influences of the chemical composition of a surface on polymer
aggregation is investigated within the HJ-aggregate model (introduced in Chap-
ter 2). For this purpose, different P3HT layer thicknesses were measured in or-
der to differentiate between bulk and surface effects. The film thickness was
adjusted by a varying polymer concentration in solution that is used for spin-
coating. This is a commonly used and an appropriate method [208–210] for low
concentrations, in which the intermolecular interaction in solution is low [211].
Furthermore, in order to ensure comparable adhesive forces between different
polymer solutions and a given type of substrate, the polymer concentration is
varied in a limited range from 5 to 20 mg/ml.

8.2 Sample Fabrication

For all samples under investigation, polished PGO borosilicate glass (D263T)
was used. 12x22 mm2 substrates were cleaned successively in acetone and iso-
propanol for 10 min in an ultrasonic bath prior to oxygen plasma cleaning for
7 min. Flat 40 nm TiO2 films were sputtered, whereas mesoporous films were
fabricated using a Dyesole 18NR-T paste (Solaronix) diluted 1 : 5 g/ml in ethanol.
Both flat and mesoporous films were annealed at 450◦C for 60 min using a lin-
ear ramp of 7◦C/min. A self-assembled monolayer of [6,6]-Phenyl C61 butyric
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acid (PCBA) molecules on TiO2 was deposited using a saturated PCBA-bath so-
lution in chlorobenzene (CB). The same procedure holds for decylphosphonic
acid (DPA) in a saturated acetonitrile solution. ZnO films were prepared with a
0.5 M sol-gel solution, by dissolving 1.098 g of zinc acetate [Zn(CH3CO)22H2O]
(Sigma Aldrich) in 10 ml 2 - methoxyethanol (Sigma Aldrich), which contains
0.33 ml ethanolamine (Aldrich) as a stabilizer. The ZnO sol-gel solution was
spin-coated at 2000 rpm for 40 sec under ambient conditions. After spin-coating,
the substrates were annealed at 250◦C for 10 min on a hotplate under ambient
conditions. The thin Sb2S3 layer is prepared by chemical bath deposition (CBD)
according to a previously reported procedure with minor adjustments [212, 213].

FIGURE 8.2: AFM topography images of borosilicate glass, flat
TiO2 (sputtered), mesoporous TiO2, Sb2S3 and CH3NH3PbI3,
while the root mean square (RMS) roughness is summarized on

the bottom left.

In particular, solutions of Na2S2O3 (4 g) in deionized water (25 ml) and SbCl3
(650 mg) in acetone (2.5 ml) were prepared and cooled in an ice bath for 90 min.
Precursors were mixed into 100 ml of likewise cooled deionized water and sam-
ples are immediately put into the mixed solution for 85 min. After chemical bath
deposition, thin Sb2S3 layers were rinsed with deionized water and promptly
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dried in a nitrogen stream. Subsequently, the coated backside of the samples
was cleaned with hydrochloric acid, and the samples were annealed at 300◦C for
35 min in a nitrogen atmosphere. For lead halide perovskite films PbI2, PbCl2
and MAI with a mole ratio of 1:1:4 were dissolved in DMF using a concentration
of 600 mg/ml. The perovskite precursor solution was spin-coated at 3000 rpm
in a glovebox and afterwards transferred to a vacuum chamber where it is an-
nealed at 90◦C for 1 min, followed by another annealing step at atmospheric
pressure at 100◦C for 10 min.
The surface characteristics, in particular the roughness, was investigated with
an AFM in tapping mode as shown in Figure 8.2. The roughness of sputtered
TiO2 films is similiar to that of a pristine glass substrate (RRMS ≈2 nm). The
PCBA and DPA treated TiO2 films also show a similar surface roughness, since
these molecules form only a monolayer. Sb2S3 films exhibit a slightly higher
surface roughness, while mesoporous TiO2 and CH3NH3PbI3 offer a strongly
textured scaffold (RRMS>20 nm). On top of all substrates a thin film of poly(3-
hexylthiophene) (P3HT) was deposited, which is purchased from Rieke Metals
with a molecular weight of MW = 90 kDa. The film thickness is adjusted by
varying the polymer concentration in CB in a limited range from 5 to 20 mg/ml,
while using a spin-speed of 2000 rpm for 120 s. The solution is heated to 70◦C
for 15 min prior to spin-coating, in order to prevent polymer pre-aggregation
and gelation in solution [214].

8.3 Influence of Surface Characteristics on Polymer Ag-

gregation

In order to investigate the polymer aggregation behavior on different substrates
PL spectra were analyzed within the HJ-aggregate model. While the whole poly-
mer matrix (aggregated and non-aggregated domains) is absorbing only ener-
getically low lying aggregates are involved in emission processes after subse-
quent energy transfer to these domains. In addition, spectra are only weakly
affected by dispersion, since the PL of organic semiconductors is typically aloof
from resonances in the dielectric function due to a Stokes-shift. Furthermore, PL
is insensitive to variations in film thickness, such that spectral changes can be
related to changes in the polymer aggregation. In the following the film thick-
ness is assumed to directly correlate with the polymer concentration with higher
concentrations corresponding to larger film thicknesses. An absolute thickness
determination is experimentally challenging for bilayers featuring a rough in-
terface, but also not necessary for a qualitative comparison of the evolution of
polymer aggregation with film thickness for one specific substrate. Addition-
ally, a comparison between different substrates is not possible due to potential
differences in wetting and drying behavior, but rather the overall qualitative be-
havior for one type of substrate can be analyzed. In Figure 8.3, PL spectra of
P3HT films are presented which are spin-coated on flat ZnO, SiO2, TiO2 and
mesoporous TiO2. For flat substrates, differences in the spectra are marginal,
suggesting that there is only little influence on the polymer aggregation. Simi-
larly, a thick P3HT film on mesoporous TiO2 does show similar PL signatures.
In contrast, a thin P3HT film on mesoporous TiO2, however, exhibits a substan-
tial increase in the 0-0 transition, the peaks broaden and a blue shift is seen for
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the spectrum. Hence, this behavior can be attributed to both a decrease in in-
terchain interaction and an increase of the amorphous polymer phase towards
a rougher substrate surface, whereas the bulk polymer morphology is less af-
fected by these interfacial influences.
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FIGURE 8.3: Normalized photoluminescence (PL) spectra for
varying film thicknesses resulting after spin-coating different so-
lution concentrations of P3HT (5-20 mg/ml) on a) borosilicate
glass b) a flat 40 nm TiO2 film, c) a 40 nm flat ZnO film and d) a

mesoporous TiO2 film.

In Figure 8.4 b), this observation can be generalized for P3HT films which were
spin-coated on a CH3NH3PbI3 perovskite film (RRMS > 20 nm) - a typical film
structure found in solar cell architectures [215, 216].
Besides the polymer luminescence, there is some residual contribution of per-
ovskite PL that overlaps the spectrum of P3HT at 780 nm. The spectral blue
shift and the increase of the 0-0 transition relative to the 0-1 transition indicate
an increase of the amorphous polymer matrix close to the interface with less
intermolecular interaction. As illustrated in Figure 8.5, this results in a vertical
phase separation which can be a limiting factor for efficient charge transport.
The HOMO level is lower in energy for a more crystalline polymer morphology
compared to the amorphous phase [176, 217].
Consequently, disordered polymer domains at the interface result in a loss chan-
nel since the hole transport is suppressed and charge generation is getting inef-
ficient (due to a loss of wavefunction delocalization at the interface as discussed
by Herrmann et al. [85]). In particular for lead halide perovskite based solar
cells, which exhibit large grain sizes and a significant surface roughness, this
results in an increased charge carrier recombination, while charge transport far
from the interface is hindered.



96 Chapter 8. Tunability of Polymer Aggregation and Morphology

600 700 800

0.0

0.5

1.0

1.5

600 700 800

0.0

0.5

1.0

1.5

n
o

rm
. 

P
L

 i
n

te
n

si
ty

wavelength (nm)

Sb
2
S

3
:

 20 mg/ml

 15 mg/ml

 10 mg/ml

 7 mg/ml

 5 mg/ml

b)a)
CH

3
NH

3
PbI

3
:

 20 mg/ml;  15 mg/ml

 7 mg/ml;    5 mg/ml

 CH
3
NH

3
PbI

3
 

n
o

rm
. 

P
L

 i
n

te
n

si
ty

wavelength (nm)

FIGURE 8.4: Normalized PL spectra for varying film thicknesses
obtained via spin-coating different solution concentrations of

P3HT (5-20 mg/ml) on a) Sb2S3 and b) CH3NH3PbI3 films.

For Sb2S3, there is a slight red shift of the 0-0 transition and a relatively
high 0-0/0-1 amplitude ratio that is even larger than in the case of mesoporous
TiO2. Although the film roughness is relatively small (RRMS = 3.1 nm) compared
to mesoporous TiO2, one notes a similar behavior with increasing aggregation
away from the interface. However, the red shift is much weaker and the 0-0/0-
1 transition ratio shows a maximum value for the thinnest film. This can only
be explained by an increase in the conjugation length due to an improved J-
aggregation caused by a chelation interaction [218]. In such a chelation process
thiophene moieties interact with Sb atoms at a Sb2S3 surface and change the
polymer backbone geometry essentially.
Furthermore, the polymer aggregation on flat TiO2 substrates (RRMS < 2 nm)
modified with a SAM of DPA or rather PCBA is investigated (see Figure 8.6).
The 0-0/0-1 transition ratio stays approximately constant with varying polymer
film thickness and there is no detectable impact by any modifier. Neither the
DPA, making the surface more hydrophobic, nor the PCBA change this ratio
compared to bare TiO2. These results are in good agreement with findings of
Chabinyc et al.[219], who have investigated the influence of an octyltrichlorosi-
lane monolayer on SiO2 on the polymer morphology.

FIGURE 8.5: Illustration of the energy landscape of polymers on
a rough surface.
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FIGURE 8.6: Normalized PL spectra of P3HT films for vary-
ing film thickness on a) flat TiO2 (c.f. Figure 8.3) b) a SAM of
DPA/PCBA c). In d) the PL of P3HT is shown for a film cast on

a SAM of PCBA which is deposited on mesoporous TiO2.

Consequently. adhesion plays only a minor role for the size of the aggre-
gates and the initial polymer aggregation is marginally influenced by the con-
tacting interface. Nevertheless, interfacial engineering seems to be appropriate
for aggregation tuning, if thermal annealing treatments can be applied [219]. As
shown for metal oxides, it can also help to reduce the hydrophilic character [20],
which limits charge separation due to repelling forces pushing donor and accep-
tor apart from each other. Results are summarized quantitatively in Figure 8.7.
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position of the 0-0 transition; Spectra were fitted with 3 Gaus-

sians of equal width (lines serve as guide to the eye).
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The Figure shows the spectral position of the 0-0 transition and the amplitude
ratio of the 0-0 to 0-1 transition as a function of polymer concentration. In gen-
eral, the good agreement between our results based on an H-aggregate analysis
of PL spectra and other studies on similar architectures outline that PL mea-
surements are a reliable tool to characterize polymer aggregation, especially for
varying film thicknesses.

8.4 Limitations of the HJ-Aggregate Analysis

PL spectra are a direct map of aggregated polymer domains with only indirect
information on the amorphous matrix. Consequently, the lineshape and peak
heights of PL spectra can be used to track changes in aggregation. In contrast,
absorption spectra are a superposition of the optical response of both polymer
phases and are therefore often used to describe a change in polymer aggregation.
Spano and Clark et al. [36, 157] have implemented the following relation:

A0−0

A0−1
=

(
1− 0.24 ·W/Ep

1 + 0.073 ·W/Ep

)2

(8.1)

in order to determine the exciton bandwidth W . It compares the amplitude ratio
of the vibronic 0-0 transition (A0−0) to the 0-1 transition (A0−1). Both transitions
are separated by the energy (EP ≈ 0.17 eV) of a C=C stretching mode. It is estab-
lished that the exciton bandwidth W is given by the nearest-neighbor interchain
Coulombic coupling [37]. Such an analysis is not possible in this investigation
when taking observations from Figure 8.8 into account.
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FIGURE 8.8: a) UV/Vis measurements of two different P3HT
film thicknesses on borosilicate glass, measured in transmission
(red, circle: 20 nm, square: 100 nm) and inside an integrating
sphere (blue, stars: 20 nm; triangles: 100 nm). Spectra are nor-
malized to the 0-1 transition at 2.25 eV. b) Exciton bandwidth
W (see Equation 8.1), as a function of film thickness determined
from absorbance measurements in transmission (red squares)
and in an integrating sphere (blue circles) dashed lines repre-
sent a b-spline for qualitative illustration. The solid black line
represents the exciton bandwidth Wcalc determined from sim-
ulated absorbance spectra using the transfer matrix algorithm

published by Burkhard et al. [113].
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The Figure shows UV/Vis spectra of a 100 nm (20 mg/ml) and a 20 nm (5 mg/ml)
P3HT film on borosilicate glass substrates (RRMS<2 nm), which are either char-
acterized by detecting the transmitted light (i.e., transmission) or by detecting
both transmitted and reflected light (i.e., integrating sphere). In transmission,
there is a significant reduction in the 0-0 transition at 2.05 eV for the 100 nm
polymer film. In addition, there is a distinct increase of the amorphous absorp-
tion shoulder (from 2.4 to 3.2 eV). Since there is no spectral blue shift, these
results suggest stronger intramolecular interactions and an increased fraction of
polymer aggregates in a thinner film. These observations change, when both
films are measured inside an integrating sphere. Here, reflected light is taken
into account. Therefore, it delivers more accurate absorbance spectra. Similar to
the measurement in transmission, the trend in the amorphous shoulder is very
pronounced, while differences in the 0-0 transition are negligible. Consequently,
reflection has a significant impact on the measured absorbance spectra and has
to be taken into account for a quantitative analysis. A series of film thicknesses
is tested to resolve a systematic behavior (see Figure 8.9).
In simple transmission measurements, the 0-0 transition successively decreases
with increasing film thickness, while there is almost no difference for the mea-
surements in the integrating sphere. Moreover, the high energy shoulder in-
creases with increasing thickness for both cases. In order to better visualize the
impact of reflection in an H-aggregate analysis, the exciton bandwidth W is de-
termined using Equation 8.1. In Figure 8.8 b), corresponding values are shown
for both measurement modes. Below 50 nm, the exciton bandwidth W , deter-
mined from spectra measured in transmission (red squares), shows no depen-
dence on film thickness. Above 50 nm, the exciton bandwidth W increases sig-
nificantly, which is consistent with first principle observations in Figure 8.8. On
contrary, the evaluation of absorbance measurements in an integrating sphere
results in a continuously increasing exciton bandwidth W for increasing film
thicknesses up to 80 nm. A further increase in the film thickness leads to a
smaller exciton bandwidth. These results are compared with simulated ab-
sorbance spectra of P3HT on glass using the transfer matrix algorithm [113].
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100 Chapter 8. Tunability of Polymer Aggregation and Morphology

The light propagation is simulated for varying thicknesses of P3HT with a given
dispersion relation of the extinction coefficient. Corresponding absorbance and
reflection spectra are shown in Figure 8.10. The resulting exciton bandwidth W
from the calculated spectra is shown in Figure 8.8 b) as solid black line. Impor-
tantly, also here the exciton bandwidth Wcal is not constant, although the mor-
phology is assumed to be unchanged. For film thicknesses up to 80 nm, Wcal
shows an oscillating behavior and decreases monotonically for thicker films.
These results show that Wcal coincides well with the experimentally determined
W using the integrating sphere. The behavior is a direct consequence of a vary-
ing reflection behavior depending on the film thickness as demonstrated in Fig-
ure 8.10. As a result, absorbance spectra evoke the impression that the exciton
bandwidth depends on film thickness, although W is a function of the elec-
tronic coupling between polymer chromophores only. Each time the incident
light beam encounters a polymer/substrate or polymer/air interface, a portion
of light is transmitted out of the film and measured as contribution to the over-
all reflection, while the remaining portion is reflected into the film again. The
influence of reflection on absorbance measurements has also been reported by
Gaudin et al.[220]. In order to determine possible changes in aggregation with
UV/Vis measurements, it is therefore essential to keep the film thickness con-
stant or to check for possible film thickness variations. Based on both exper-
imental and theoretical observations, deviations in the exciton bandwidth by
more than 100% can occur for thicknesses below 150 nm. Even a small varia-
tion in thickness from 80 to 100 nm can affect the exciton bandwidth by more
than 25%, though the polymer aggregation has not changed at all. Furthermore,
due to the spectrally dependent reflection, it can also be difficult to quantify
the ratio between aggregated and non-aggregated polymer in a film by simply
subtracting the absorption contribution of the amorphous polymer. Additional
variations in reflection can occur, if the polymer morphology is changing, since
the index of refraction strongly depends on the degree of polymer aggregation
[221]. Therefore, it is challenging to determine polymer aggregation in a blend
with varying fraction of involved materials.
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Not only the film thickness, but also the refractive index is supposed to change
and the contribution of reflection is not comparable, an argument that holds also
for temperature dependent spectra (see Chapter 7). For this reason, a quantita-
tive analysis based on UV/Vis spectra in terms of absolute film morphology and
aggregation is highly complex. Since the portion of reflection also changes spec-
trally with film thickness, it is not possible to obtain any absolute information
of aggregation and polymer morphology by UV/Vis measurements, even if the
reflection is taken into account. Our analysis shows, that reflection for any film
thickness impacts absorbance spectra in such a way that transitions relevant for
an H-aggregate analysis are always affected. As the effect of reflection is even
stronger in the characteristic absorbance region of the amorphous polymer, it
can be concluded that absorbance measurements do not allow for any quan-
titative analysis about the ratio of aggregates to non-aggregates. Although it
is sophisticated to obtain reliable data, we suggest ellipsometry measurements
instead, where the extinction coefficient is determined with respect to the film
thickness and changes in the real part of the refractive index are simultaneously
tracked. The extinction coefficient monitors directly the intrinsic exciton band-
width and is therefore a quantitative measure for W .

8.5 Summary

By means of photoluminescence spectroscopy it could be shown that surface
roughness causes disorder in deposited polymer films. This limits not only the
charge separation process, but also reduces charge carrier mobilities in the poly-
mers. In organic solar cells, such an amorphous polymer scaffold near an accep-
tor interface results in an energy barrier which reduces the efficiency of charge
carrier extraction. In this connection, the adhesion plays only a minor role on
the size of aggregates in close proximity of a hydrophobic/-philic surface. Al-
though polymer aggregation crucially depends on the film formation time [157],
morphological tuning towards an interface is rather weak. In contrast, stronger
forces like chemical bonds are necessary to improve aggregation towards an in-
terface (if polymer films are deposited via a spin-coating). In this context, Sb2S3

has been applied successfully which supports chelation of sulfur atoms with
thiophene rings of P3HT.
Beside these findings, it could be shown that the applicability of the HJ-aggregate
model on UV/Vis measurements is limited for thin films. By comparing experi-
mental P3HT absorbance measurements to calculated spectra it is demonstrated
that the exciton bandwidth determination can evoke the erroneous impression
of being thickness dependent. In contrast to ellipsometry measurements, where
intrinsic polymer extinction is exclusively measured, UV/Vis spectra are sen-
sitive to reflection at boundary layers or cavity modes. A varying reflection
behavior between samples can therefore influence absorbance spectra in a way
that a quantitative analysis is not possible, if film thickness or the effective index
of refraction is changing between polymer films. In this chapter it is demon-
strated, that reflection always impacts absorbance spectra in such a way that
not only transitions relevant for an HJ-aggregate analysis are affected but also
the ratio of aggregated to non-aggregated polymer domains cannot be analyzed
quantitatively. For this purpose, it is necessary to perform more sophisticated
measurements such as spectroscopic ellipsometry.
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Chapter 9

Conclusion

It was the aim of this dissertation to gain a deeper understanding on exciton
dynamics in polymer thin films with a special focus on the fundamental mecha-
nism of exciton separation and exciton migration. This work reveals new impor-
tant insights in the physical description of these processes and offers strategies
that help to improve power conversion efficiencies in organic photovoltaics.
For this purpose, charge carrier dynamics in a fully organic polymer-fullerene
blend system were compared with a polymer-metal oxide hybrid heterointer-
face. By means of time-resolved pump-probe spectroscopy it was possible to
track the evolution of energy upon optical excitation in a polymer film with a
time resolution of 10 fs. Such fast time-scales have never been accessed before for
hybrid heterostructures and have been only rarely studied for organic-organic
interfaces. This comparison further allows to conclude that exciton separation
is a rate-limited process from localized states which is independent on vibra-
tional coherence of frontier orbitals. Instead, charge transfer states are formed
upon exciton dissociation which are stronger delocalized if fullerenes are used
instead of the inorganic metal oxide TiO2. Consequently, recombination losses
are enhanced at hybrid interfaces and novel pathways have to be found to re-
duce Coulomb forces of such charge pairs. This depicts an important finding
and constitutes an essential contribution to the controversial discussion which
was summarized in Chapter 2.

One promising strategy to bypass recombination losses in charge transfer states
was proposed recently by the utilization of a dye interlayer in between the poly-
mer and the metal oxide [17]. Such covalently bound molecules act as an "energy
antenna", i.e. excitons on the polymer are not separated but resonantly trans-
ferred via FRET to a dye molecule which provides intrinsically a much higher
separation efficiency. In Chapter 4 this strategy is generalized for a broad range
of materials, although energy cascades (or alternative driving forces like perma-
nent dipole moments) have to be provided in order to limit recombination losses
effectively.
In this work, the dye molecule was also successfully replaced by a novel ben-
zothiadiazole based thiophene oligomer which supports direct exciton dissocia-
tion on the polymer. It is found that the energy offset at donor-acceptor interface
is a key driving force for exciton dissociation while charge transfer states are
only separated efficiently if an additional driving force is offered. This driving
force can either be a push-pull building block (introducing a permanent dipole
moment in between the electron hole pair) or an energy cascade that supports
carrier diffusion away from the interface. Although both strategies could be ful-
filled in this study, it was not possible to counterbalance the Coulomb interaction



104 Chapter 9. Conclusion

completely. Nevertheless, the power conversion efficiency has been improved
by more than 60% in a simple bilayer architecture. When comparing the sim-
ilar performance of fabricated solar cells from Chapter 6 to results of Chapter
4, it is obvious that this improvement is remarkable and a breakthrough in the
development of efficient hybrid interfaces employing direct exciton dissociation.

Based on these findings we can summarize that charges are predominantly sep-
arated out of localized conditions from a charge transfer state on a ps time scale.
In the generation process of free charges coherence plays only a minor role,
however, charge pairs are more localized at hybrid interfaces and the built-in
potential of such heterostructures is not sufficient to separate charges at high ef-
ficiency.

In a next step, this thesis focused on the exciton migration process. Only if ex-
citon diffusion lengths can be increased, it is possible to enhance the exciton
harvest efficiency significantly. It is shown that exciton transport follows a (ran-
dom walk) diffusion-hopping transport model which depends on a relatively
broad DOS. It is demonstrated for the first time that exciton diffusion is ham-
pered, if the polymer film is investigated at the glass transition temperature due
to a disturbed electronic coupling of neighboring orbitals caused by torsional
molecular dynamics. Although the effect of temperature on the solar cell per-
formance has been addressed by a few studies, still the impact of such dynamic
orbital fluctuations on exciton dynamics remains unclear. This work provides
compelling evidence that the glass transition limits exciton diffusion lengths and
therefore constitutes another recombination channel beside non-radiative decay
losses within the broad DOS.
The presence of such a DOS is a direct consequence of commonly used solu-
tion based fabrication methods leading to strong structural disorder. In order to
tap the full potential it is necessary to improve molecular order at least close to
the heterointerface. This affects not only charge transfer state energies and the
first monolayer energetics [89], but also exciton/carrier diffusion towards/away
from the interface. In Chapter 8 it was investigated whether it is possible to tune
the polymer aggregation by suitable surface characteristics in order to allow for
the design of new materials/interfaces which improve aggregation already in
the fabrication process. It is found that rough surfaces introduce disorder and
relatively strong forces (like a chelation) are needed to impact the aggregation
process significantly.

In summary, this thesis provides not only new insights in the physical descrip-
tion of exciton dissociation, recombination and migration but also offers novel
strategies to improve the power conversion efficiency of polymer based solar
cells. Although some revealing answers on controversial discussion could be
found, many fundamental questions are still unsolved and the full potential
of polymer electronics is far from being exploited. Therefore, the last chapter
aims to specify this potential in more detail and highlights interesting questions
which have emerged on the basis of presented results.
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Chapter 10

Outlook

FIGURE 10.1: Charge localization due to polar-
ization at a dielectric interface with permittivity
mismatch (ǫ1 6= ǫ2) illustrated with the help of

image charges

Even though it was possible to
present conclusive results on con-
troversial discussions, it is impor-
tant to note that the electronic
coupling and charge carrier in-
teraction have rarely been stud-
ied at hybrid heterointerfaces. Al-
though it is commonly observed
that recombination losses are en-
hanced if inorganic acceptor ma-
terials are employed [85, 213]
(i.e. limitations are not just
limited to metal oxides), it is
not clear whether they have the
same origin. For instance, trap
states in metal oxides have of-
ten been ascribed to be respon-
sible for charge carrier localiza-
tion while experimental proofs
are rare and systematic compar-
isons with other systems are missing. In Chapter 5 TiO2 of varying crystallinity
was tested, however, differences in carrier dynamics were virtually absent [133].

It is potentially more interesting to study the role of the metal oxide work func-
tion and the DOS on the charge separation efficiency. In an initial experiment
(submitted [222]) it could be shown that the density of available states close to
the conduction band is of crucial importance for the charge separation efficiency.
Although relatively large variations in crystallinity were achieved (due to high
Sn doping concentrations employed to ZnO nanowires) there was no significant
correlation of charge carrier mobilities and defect states with the exciton separa-
tion efficiency. In principle, this study needs to be extended by using TiO2 films
of different crystallinity and stoichiometry or Si of varying doping concentration
in order to understand which electronic properties of the inorganic semiconduc-
tors (band curvature, DOS and relative position of the work function) are most
relevant to improve the exciton separation process.
In Chapter 6 it was demonstrated that interlayer molecules support the charge
separation process if they provide an energy cascade. In this context, it could
be also promising to generate such energy cascades in the metal oxide by in-
troducing a doping gradient for instance. Doping gradients can be achieved by
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dynamic processing parameters in atomic layer deposition techniques such as
sputtering or spatial atomic layer deposition (SALD).

Another very important property, which has often been disregarded so far is the
difference in permittivity at an organic-inorganic interface [223, 224]. Inorganic
semiconductors usually exhibit a much larger (static) dielectric constant than or-
ganic materials. Consequently, dielectric carrier screening is enhanced and the
attractive Coulomb force of charge pairs is reduced. At first glance one could
expect that this mismatch decreases the exciton binding energy and improves
the charge separation efficiency also on the polymer [92, 93]. In contrast, the di-
electric mismatch of the two materials could also cause a surface polarization of
the inorganic acceptor due to localized holes on the organic donor which would
explain the observed charge transfer state recombination losses (schematically
illustrated in Figure 10.1 using the picture of image charges [223]). So far, the
role of this effect has only been predicted in theory. Regarding the exciton mi-
gration process, it is an interesting question whether the exciton lifetime (and
therefore the exciton diffusion length) is improved due to dielectric screening of
the electric field at such heterointerfaces. For this purpose, different insulating
surfaces can be investigated that provide variations in the dielectric constant.
Possible candidates are SiO2 (ǫ ≈ 4 [225]), Al2O3 (ǫ ≈ 9 [225, 226]) and ZrO2

(ǫ ≈ 20 [225–227]). In a next step, findings need to be compared to interfaces
which are suitable (but also comparable) for exciton dissociation (such as given
for ZnO (ǫ ≈ 8 [228]), TiO2 (ǫ ≈ 80 [225]) and SrTiO3 (ǫ ≈ 2000 [225])). This
comparison allows to study different crystallographic directions which changes
not only the permittivity but also relative energy band properties towards the
polymer.

FIGURE 10.2: Polymer building units that potentially influence
exciton dynamics in a thin film architecture.

In this work, the homopolymer P3HT was used as a model system consisting of
a basic thiophene backbone structure. In order to tap the full potential of organic
semiconductors, it is now possible to further complicate the structure by back-
bone doping, side-chain composition and configuration or the usage of copoly-
mer units (as illustrated in Figure 10.2). In addition, polymer compounds with
enhanced backbone stiffness and structural order have a great potential with re-
gard to improved electronic order [3, 191, 229, 230]. Although many structures
have been introduced and characterized there are only few studies which try to
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describe the general behavior of excitons depending on such chemical modifi-
cations. For instance it was shown that side chain doping is a promising route
to increase the permittivity of polymer materials [231, 232], however, the im-
pact on exciton dynamics has not yet been addressed. Such effects of chemical
engineering on exciton dynamics can be investigated by fabricating bilayer het-
erostructures which enable a systematic comparison of structure related changes
and are easily fabricated for hybrid heterostructures (as shown in this thesis) but
can be also realized for polymer-polymer interfaces by using crosslinked layer
structures [10, 13, 233].
Based on findings presented in Chapter 7 it is further necessary to study the role
of glass transition temperatures on the solar cell performance. This is not only
of fundamental interest in order to understand whether and to which extent the
photocurrent output is influenced by occurring exciton losses, but also to reveal
further loss channels due to inefficient charge extraction.
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Appendix A

Appendix - FRET for Efficient
Charge Separation at Hybrid
Interfaces

TABLE A.1: Film thicknesses of hybrid solar cells presented in
Chapter 4. Polymer films are investigated with an AFM, TiO2

films are sputtered with a calibrated system.

sample TiO2 (nm) polymer (nm) deviation (nm)

HSQ4-P3HT 50 97 10
HSQ4-PffBT4T 50 250 18
HSQ4-PTB7 50 120 6
HSQ4-PCPDTBT 50 97 4
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Appendix B

Appendix - Tailored Interface
Energetics for Efficient Charge
Generation
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Appendix B. Appendix - Tailored Interface Energetics for Efficient Charge

Generation

FIGURE B.1: Transient absorption spectroscopy maps of a pris-
tine P3HT on glass, a P3HT film on BT0 and P3HT on pristine

TiO2.
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FIGURE B.2: Transient absorption spectroscopy maps of a P3HT
on BT5 BT10 and BT20.
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Appendix C

Appendix - Exciton Migration in
Polymer Thin Films
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TABLE C.1: Exciton lifetime measured at different temperatures
on a 50 nm rrP3HT film - excitation at 405 nm. Values in brackets
are standard deviations obtained in the fit. As fit-function we

have used I(t)=A1*exp(-t1/t)+ A2*exp(-t2/t).

Temperature (K) A1 t1 (ps) t2 (ps) A1 t1 (ps) t2 (ps)
0-0 transtion 0-1 transition

5 0.34 (0.06) 65 (9) 242 (14) 0.32 (0.04) 70 (7) 283 (12)
77 0.32 (0.05) 60 (5) 242 (11) 0.29 (0.05) 59 (6) 283 (8)
100 0.29 (0.05) 42 (4) 249 (18) 0.28 (0.07) 46 (8) 298 (28)
150 0.40 (0.03) 40 (3) 237 (11) 0.37 (0.03) 46 (4) 274 (11)
200 0.39 (0.05) 37 (4) 204 (11) 0.20 (0.01) 42 (4) 236 (10)
250 0.7 (0.05) 26 (4) 161 (27) 0.64 (0.07) 23 (7) 163 (25)
300 0.65 (0.05) 22 (4) 141 (19) 0.42 (0.07) 25 (6) 147 (30)
350 0.2 (0.06) 25 (3) 120 (13) 0.3 (0.2) 31 (7) 142 (35)

TABLE C.2: Exciton lifetime measured at different temperatures
on a 50 nm rrP3HT film - excitation at 532 nm. Values in brackets
are standard deviations obtained in the fit. As fit-function we

have used I(t)=A1*exp(-t1/t)+ A2*exp(-t2/t).

Temperature (K) A1 t1 (ps) t2 (ps) A1 t1 (ps) t2 (ps)
0-0 transtion 0-1 transition

5 0.48 (0.02) 53 (2) 323 (9) 0.40 (0.01) 51 (3) 349 (12)
77 0.55 (0.05) 45 (2) 309 (5) 0.59 (0.01) 55 (2) 361 (6)
100 0.56 (0.05) 44 (2) 302 (7) 0.61 (0.02) 48 (2) 351 (4)
150 0.56 (0.03) 43 (2) 298 (7) 0.51 (0.01) 53 (3) 316 (8)
200 0.54 (0.03) 47 (4) 257 (13) 0.58 (0.03) 50 (4) 274 (14)
250 0.64 (0.02) 31 (2) 165 (11) 0.41 (0.03) 28 (3) 176 (11)
300 0.61 (0.01) 23 (9) 131 (16) 0.58 (0.04) 20 (5) 132 (14)
350 0.60 (0.07) 23 (4) 119 (15) 0.59 (0.09) 28 (8) 129 (21)

TABLE C.3: Exciton lifetime measured at different temperatures
on a 100 nm rrP3HT film - excitation at 532 nm. Values in brack-
ets are standard deviations obtained in the fit. As fit-function we

have used I(t)=A1*exp(-t1/t)+ A2*exp(-t2/t).

Temperature (K) A1 t1 (ps) t2 (ps) A1 t1 (ps) t2 (ps)
0-0 transtion 0-1 transition

5 0.34 (0.02) 126 (8) 751 (13) 0.31 (0.02) 145 (11) 866 (17)
77 0.31 (0.01) 128 (10) 787 (10) 0.30 (0.01) 148 (6) 892 (20)
150 0.30 (0.01) 115 (7) 775 (10) 0.29 (0.01) 136 (10) 849 (13)
200 0.31 (0.01) 97 (4) 683 (16) 0.29 (0.01) 110 (5) 717 (7)
250 0.27 (0.01) 94 (5) 541 (6) 0.26 (0.01) 113 (9) 560 (6)
300 0.25 (0.02) 82 (6) 449 (8) 0.24 (0.01) 102 (6) 457 (8)
350 0.31 (0.04) 66 (14) 404 (20) 0.25 (0.05) 110 (20) 390 (15)
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FIGURE C.1: Time resolved PL of rrP3HT measured in a tem-
perature range between 5 to 350 K. By using 532 nm excitation
wavelength, the fluence was held below 1 nJ/cm2 in order to
avoid non-linear exciton dynamics. All PL measurements have
been performed in a continuous flow cryostat (Janis ST100) in
evacuated atmosphere (p<10−5mbar). Images are shading and
intensity corrected while a spline interpolation is used to reduce

the effect of pixel errors and noise.
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FIGURE C.2: Time resolved PL of rraP3HT measured in a tem-
perature range between 5 to 350 K. By using 400 nm excitation
wavelength, the fluence was held below 1 nJ/cm2 in order to
avoid non-linear exciton dynamics. All PL measurements have
been performed in a continuous flow cryostat (Janis ST100) in
evacuated atmosphere (p<10−5mbar). Images are shading and
intensity corrected while a spline interpolation is used to reduce

the effect of pixel errors and noise.
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