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Abstract

This thesis reports on the fabrication and characterisation of self-assembled nanofibres
of poly(3-hexylthiophene) (P3HT), and demonstrates how these nanofibres can be
used in applications like thin-film transistors and solar cells.

The first results chapter describes a preparation method of P3HT nanofibres in a
solution of chlorobenzene by using di-tert butyl peroxide (DTBP) as an additive. This
method allows the fabrication of films of PSHT with high molecular order and gives
control over the film retention. The films are characterised using a range of exper-
imental techniques, including optical absorption, X-ray diffraction and atomic force
microscopy, which also allows to determine the dimensions of individual, separated
nanofibres.

A more detailed investigation into the temperature dependence of the photolumi-
nescence (PL) of nanofibre films in comparison to P3HT thin-films is presented in the
second results chapter. The line-shape of the measured PL of the nanofibres shows
significant differences to the thin-film, which is most distinctive at a temperature of
around 150 K. At this temperature, the measurements show a change of the emis-
sion characteristics for the nanofibres which is absent in the thin-film. The cause for
the observed transition can be related to the increased planarisation of the polymer
backbone inside the nanofibres with increasing temperature. This gives rise to more
dominant intrachain coupling for the fibres, in contrast to predominantly interchain
coupling in P3HT thin-films.

The third results chapter demonstrates the application of the nanofibre films in
thin-film transistors and solar cells. It is shown how the high molecular order of
the nanofibres in combination with the formation of fibre networks can be used to
control the field-effect mobility of P3HT films. Solar cells are fabricated by successive
deposition of a nanofibre film and an electron acceptor layer, resulting in power

conversion efficiencies comparable to bulk heterojunction solar cells.
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1. Introduction

1.1. Organic Electronics

The field of organic electronics is a fast-evolving area of research and development that
holds great promise to play a significant role in shaping our future. [1] Organic elec-
tronics make use of organic semiconductors, which are carbon-based materials that
show semiconducting properties similar to their inorganic counterparts. In contrast
to classic semiconducting materials like silicon, germanium or gallium arsenide, the
basic optical and electrical properties of organic semiconductors do not derive from
a crystal structure, but are defined by the energy levels of the individual molecules
and their intermolecular interactions. This fundamental difference brings a range of
important advantages compared to inorganic systems, which creates the potential for
novel and improved applications in the field of electronics. The main advantage is
that due to their non-crystalline character, organic materials are flexible and more
mechanically robust than inorganic crystalline systems. Furthermore, the optoelec-
tronic properties can be tailored by molecular design, targeting particular needs in
terms of electrical and optical properties. Designing materials with a high absorption
coefficient allows applications to be thin and light-weight. This also allows increased
freedom in the design of the final products in terms of colour and form factor. Not
only the photophysical properties, but also the chemical properties can be tailored,
making the materials non-toxic and soluble in a range of solvents, which brings sig-
nificant advantages for large scale production, since it reduces energy demand and
complexity of manufacturing equipment. It also allows a variety of production meth-
ods, from large scale coating techniques like slot-die coating, spray coating, screen
printing or thermal evaporation to small scale and highly customisable techniques
like ink-jet printing.

The types of applications possible with organic materials cover the whole range of

12



1. Introduction

electronics, from basic devices such as light-emitting diodes, transistors and photo-
voltaic cells to integrated circuits, displays and sensor applications. Some of these
applications are already a commercial reality or on the verge of entering the consumer
market. As one of the first applications, displays based on organic light-emitting
diodes (OLEDs) are available in consumer electronics like smart phones and TVs.
OLEDs for lighting applications are currently developed and are expected to enter
the market in the coming years. [2] The development of organic thin-film transistors
is lagging somewhat behind, but significant progress in improving the performance
of OTFTs was made in recent years which brings this technology closer to commer-
cialisation. [3] The first products that use organic photovoltaic cells are becoming
available and the field is moving fast towards high volume production for the use in
building integrated photovoltaics and large scale energy generation. [4, 5]

However, despite the impressive progress that was made in this field in recent years,
there are a number of disadvantages and issues that still need to be addressed in or-
der to make organic electronics a success. One inherent problem that results from
the low crystallinity and soft nature of the materials is their low charge carrier mo-
bility, which results in substantial resistive losses and limits the current that can be
transported by organic materials. A second issue is the chemical instability of many
organic materials, especially for electron-conducting compounds which are prone to
oxidation, negatively impacting the performance over time. Long-term stability of the
compounds becomes particularly critical in applications where high excitation densi-
ties are required, like in OLEDs for lighting, or where the device needs to withstand
extreme conditions like moisture or intense light illumination as is necessary for the
use in solar cells. Furthermore, although the photophysical and electrical properties
of organic materials are mainly governed by the arrangement of the molecular orbitals
of the individual molecules, intermolecular interactions can significantly alter these
properties, which becomes particularly important once the molecules are incorpo-
rated in a solid film. Intermolecular interactions are determined by the arrangement
of individual molecules with respect to each other, both for those of the same type
as for different molecules. In a thin-film, this particular arrangement of molecules is
known as nanomorphology and its impact on film properties, device performance and
device stability is immense.

Due to the importance and complexity of the problem, large research effort has been

13



1. Introduction

put into ways to characterise and control the nanomorphology of organic thin-films.
Several classes of organic materials and material systems have been investigated,
including small molecules, fullerenes, oligomers and polymers. One system that is
particularly interesting is a mixture of poly(3-hexylthiophene) (P3HT) and phenyl-
C61-butyric-acid-methyl (PCBM). This material combination showed unprecedented
performance as active layer in photovoltaic devices and has marked a major milestone
in the development of organic solar cells. [6-8]

Although with continuing research efforts in the field of organic photovoltaics,
other material combinations surpassed the PSHT:PCBM system in terms of solar
cell performance,[9-13] it still remains one of the most used model systems to study

fundamental processes, as well as being the first material to be investigated for large-

scale OPV production. [4, 14]

1.2. Motivation and QOutline of this Thesis

P3HT has been investigated intensively over the last years for the use in organic
thin-film transistors (OTFTs) and solar cells, and has shown remarkable perfor-
mance in both applications. [15-17] Most of the work was focused around structure-
performance relationships of films deposited from different solvents, as well as inves-
tigations of a variety of film treatments after deposition. It was found that the main
property defining factor is the formation of semi-crystalline domains of P3HT, which
requires highly regioregular P3HT and depends strongly on the molecular weight.
[18] This semi-crystalline character of P3HT is responsible for relatively high charge
carrier mobilities in OTFTs as well as for the formation of a film morphology which is
favourable for the efficient exciton dissociation and charge transport in organic solar
cells when mixed with PCBM. [19]

However, this thesis focuses on a less investigated property of regioregular P3HT,
which is the ability of the polymer chains to self-assemble into highly ordered micro-
scopic structures already in solution. [20] As will be shown in the following chapters,
these structures show photophysical properties which are significantly different from
P3HT films, which helps to reveal new insight in how the optical response of polymers
is affected by the type of nanoscale ordering. The possibility to control the degree of

crystalline order in solution also opens up new ways to control the nanomorpholoy of
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1. Introduction

a polymer thin-film prior to deposition. This is particularly interesting for the use in
OTFTs and solar cells, since it allows the control of fundamental device properties
during solution preparation. This has the potential to eliminate the dependence on
particular deposition methods and post-deposition treatments. For this reason, new
methods to make use of PSHT NF's in solution are investigated in this thesis.

The presented work demonstrates how di-tert-butyl peroxide (DTBP), which pre-
viously has been suggested as a crosslinker for P3HT, [21] can be used to control
the growth of P3HT nanofibres in solution. By this method, important properties of
the spin-cast film like film retention and overall crystallinity can be influenced. It is
shown how pre-grown fibres in solution can be applied in a novel approach to fabri-
cate organic solar cells, in which a better control over the the formation of the bulk
heterojunction is provided by a successive deposition of donor and acceptor material.
Interestingly, even though the nanomorphology of the active layer of the nanofibre
solar cells shows a much higher degree of crystallinity and hence is expected to in-
hibit close intermixing of the donor and the acceptor phase, [22] the resulting power
conversion efficiency is comparable to conventionally processed bulk-heterojunction
solar cells.

Furthermore, this work investigates the temperature dependence of the photolu-
minescence of nanofibre films fabricated using DTBP, as well as using fibres grown
by slow cooling methods reported in literature. [23-25] For the first time it can be
shown that a photoluminescence behaviour which indicates the presence of J-type
dipole coupling shows up not just if measured on individual fibres, but also on larger
assemblies of nanofibres. This behaviour can be traced back to the different molecu-
lar arrangement in the nanofibres, mainly characterised by a higher planarity of the
polymer backbone, if compared to P3HT films.

Following this section, Chapter 2 gives a brief introduction to the fundamental
processes in organic semiconductors. It is focused on topics that are relevant for this
work, and references to literature for further reading are given.

The description and discussion of experimental results is structured into three
individual chapters. The first result chapter (Chapter 3) describes the fabrication of
P3HT NFs, mainly focused on the technique in which DTBP is used as an additive to
a solution of P3HT in chlorobenzene. A range of experimental techniques is employed

to characterise individual fibres as well as NFs deposited as films that can be used
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1. Introduction

for the application in optoelectronic devices.

The second results chapter (Chapter 4) looks in more detail at the photolumines-
cence (PL) of P3HT NFs, at varying temperatures ranging from 7K to room tem-
perature. The temperature dependence of the PL is a sensitive probe for structural
properties inside polymer aggregates. As will be shown, the observed behaviour of the
NFs deviates significantly from that of PSHT thin-films, which indicates differences
in the polymer packing arrangement.

The last results chapter (Chapter 5) demonstrates how P3HT NFs can be used in
OTFTs and solar cells. The charge transport in P3HT films and NF films is studied
and it is shown how the method of forming NF's in chlorobenzene solution can be used
to control the field-effect mobility of P3HT films. Furthermore, this chapter reports
on a method to fabricate organic solar cells by successive deposition of donor and
acceptor layer, making use of the high film retention of the NF films. Conclusions
about the morphology of the active layer can be drawn from the current - voltage
characteristics and external quantum efficiencies. Chapter 6 concludes this thesis

with a summary of the presented work and suggestions for further experiments.
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2. Fundamentals of Organic

Semiconductors

This chapter introduces some of the basic properties of organic semiconductors that
are of relevance to this work. Organic semiconductors are, as part of organic materials
in general, based on carbon atoms. The fundamental properties therefore derive from
the specific bonds that are formed between carbon atoms itself, as well as between
carbon and other elements, most importantly hydrogen, sulphur and nitrogen. Some
of these compounds have the ability to conduct electrical charges on specific electronic
states that are allowed, while some energy states are forbidden, similar to a band gap
between conduction band and valence band in classic semiconducting materials. This
is why these compounds are called organic semiconductors.

The following sections describe the fundamentals of light-matter interactions of
organic semiconductors as well as charge transport. A particular focus lies hereby on
the photophysics of aggregates of semiconducting polymers. The last section deals
with the photogeneration of electric charges in organic semiconductors and how the
understanding of the underlying principles can be used to design efficient photovoltaic
devices.

The content of this chapter is based on general findings in the field of organic elec-
tronics and has been gathered from a range of sources, mainly from university lectures
[26, 27] and text books. [28-32] Individual citations for most of the contents have
therefore been omitted. However, if specific scientific findings that were published
recently are presented or if illustrations have been adapted from text books then the

relevant reference has been added.
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2. Fundamentals of Organic Semiconductors

2.1. Optical Properties of Organic Molecules

2.1.1. Conjugated 7-systems

The electronic configuration of carbon in the ground state is 1s?2s22p?, hence there
are four valence electrons. However, this configuration cannot explain the bonds
as they are present for example in ethylene (HoC=CH,). In this case, a mixing of
the 2s orbital with two of the three p-orbitals (px, py, ps) takes place, and three
new, hybrid sp?-orbitals are formed (Figure 2.1 (a)). These three orbitals all lie

a) p, P, b)

_ P,
P O f—/ D@ _I_

/ N sp? sp?

Voo

Figure 2.1.: (a) Sketch showing the orbitals of sp?-hybridised carbon and the forma-

7T

tion of carbon-carbon douple bonds. (b) The overlap of the sp?- and p,
orbitals results in a splitting of the energy levels in bonding (o-, 7-) and

antibonding (o*-, 7*-) states.

in one plane, forming angles of 120° among one another. The remaining orbital
of the three perpendicular p-orbitals remains unchanged, standing perpendicular on
the sp?-orbitals. Bonds formed by sp?-orbitals are called o-bonds, and they are
characterised by a strong overlap and a resulting large splitting into a bonding and
an antibonding state. The orbitals of neighbouring p-orbitals form so-called m-bonds.
The overlap of these orbitals is significantly lower, which results in a smaller splitting.
As sketched in Figure 2.1 (b), the bonding m-orbital therefore forms the highest
occupied molecular orbital (HOMO), and the lowest unoccupied molecular orbital
(LUMO) is formed by the antibonding m-orbital. Hence, transitions from the ground
state to the first excited state of molecules with a conjugated system predominantly

involves m-electrons. In the case of larger molecules with many 7-bonds in a row, like
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2. Fundamentals of Organic Semiconductors

poly-ethylene or molecules with thiophene rings, the individual m-orbitals will overlap
and form a system of partially delocalised electrons above the plane of carbon atoms,

the so-called 7-system.

2.1.2. Molecular Transitions and Optical Spectra

A molecular state can be quantum mechanically described using the wave function

wn,m = ¢n *Xn,m (21)

where ¢, is the wave function of the electrons in the n-th electronic state, and X m
is the nuclear wave function of the m-th vibrational level of the n-th electronic state.
The electronic part itself can be written as a product of one part ¢§, which is just

dependent on the spacial coordinates of the electrons, and one spin-dependent part

S
n’

Pn = O, - D), - (22)
This description of a molecular state can be used to evaluate the probability RZQU for

a transition from one state ¢; to another state 1,

R}, o< [(u | M| ) (2.3)

where M is the operator of the dipole moment. A sketch of some of the possible

transitions in a molecule is shown in Figure 2.2. Using (2.1) in (2.3) results in

Rf, o [(95 IMI D) [(Xualx) * (031 0D) - (2.4)

The first term is called the transition dipole moment from the initial state [ to the
final state wu,

My = (05, IM] ) - (2.5)
Cases where the value of this expression is zero (and hence RlQu = 0) are called dipole-
forbidden. Considering also the second term of (2.4), which describes the vibration

of the nuclei, the amplitude for the vibronic transition can be written as

M psu,g = My <Xu,q|Xl,p> . (2.6)

The square of the absolute value of (xuq|X1p) is called Franck-Condon factor and
describes the probability with which a certain vibrational state is excited during an

electronic transition.
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2. Fundamentals of Organic Semiconductors
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Figure 2.2.: Schematic of possible transitions in a molecule (Jablonski diagram). The
symbols k stand for transition rates for absorption (kgs), fluorescence
(K fiuo), Phosphorescence (kphos) and transitions from the singlet to the

triplet system (ksr) and vice versa (krg).

The probability for a particular vibronic transition is often stated in form of the
oscillator strength f,

81°m
fl,p—)u,q = 73}“3267/ |Ml,p—>u,q|2 s (27)

where v is the frequency of the transition.

The different oscillator strength of certain transitions are represented in the shape
of absorption and emission spectra. Figure 2.3 shows the correlation between the
molecular transitions and the optical spectra. Due to a fast internal conversion, the
molecule quickly relaxes to the lowest excited state from where the emission can take
place. This principle is known as Kasha rule, and together with the Franck-Condon
principle explains the symmetrical shape of absorption and emission spectra.

The third term in (2.4) describes the spin selection rules. This term just contributes
for transitions between states of same spin multiplicity, transitions between singlet
and triplet states are not allowed. However, such transitions, know as intersystem
crossing (ISC) can be observed experimentally. They become allowed because of
the coupling of the electron spin with the orbital angular momentum. This spin-
orbit coupling is most common in molecules that feature a heavy atom (e.g. iridium,

platinum, iodine).

20



2. Fundamentals of Organic Semiconductors

0 /

/ u
SO / ”
P p
A NN \ 74
2\ V_1nA°
A WiV ALY/
A4l \

Fluorescence

Absorption

Figure 2.3.: Diagram which illustrates the origin of the symmetrical shape of absorp-
tion and emission spectra in organic molecules. The difference in energy
between the transitions between the lowest vibrational states of absorp-

tion and emission (0-0 transitions) is called Stokes shift.

The radiative transition from the lowest excited singlet state to the ground state,
S1 — Sg, is called fluorescence, and transitions from the lowest triplet state are known
as phosphorescence.

Since phosphorescence in contrast to fluorescence is a dipole-forbidden transition,
the typical time-constants 7 are significantly bigger (Tphos/Tfiuo ~ 103 —10%). There-
fore, non-radiative processes are often dominating the deactivation of the triplet state,
which is why phosphorescence is usually not detectable at room temperature. Fig-
ure 2.2 shows the rates k of several process that can take place. A rate is in general
defined by its time constant by

k= e . (2.8)

T

The probability of a certain process to take place can be expressed as

k;

where the sum includes the rates of all processes possible from the initial state.

Since two electrons with the same spin-orientation are not allowed to occupy the
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same orbital (Pauli principle), the repulsion of two such electrons is weaker than
in the case of different spin. This electron-electron repulsion causes S; to always
be energetically higher than T;. Hence, the phosphorescence always takes place at
higher wavelength than the fluorescence. This difference in energy is called exchange

energy, or singlet-triplet splitting.

2.2. Energy Transfer and Charge Transport

The conjugated w-systems discussed above can extend over many repeat units in a
molecule. Most common are aromatic compounds built from benzene rings or thio-
phene rings, where the m-electrons are delocalised over many alternating single and
double carbon bonds. The extension of the 7-system over many repeat units re-
quires, however, the aromatic rings to be approximately coplanar. Larger molecules,
such as oligomers and polymers will show twists in their backbone which limits the
conjugation length. In general, a macromolecule can therefore be seen to consist of
repeating units that define the optical properties, called chromophores. An excitation
on one chromophore can be transfered radiatively or non-radiatively to another chro-
mophore. Although originally defined for individual chromophores, in a solid organic
semiconductor HOMO and LUMO can be seen as continuous bands in analogy to
valence band and conduction band in inorganic semiconductors. The width of these
bands is defined by the variations in energetic position of the molecular orbitals of the
individual chromophores. The excitation of one chromophore will lead to an electron
in the otherwise unoccupied LUMO and a missing electron, a hole, in the HOMO.
In contrast to inorganic semiconductors, due to the weak overlap of electron density
of the chromophores, charges are strongly localised. Electron and hole are strongly
bound by Coulomb attraction with a typical binding energy of 0.3eV to 1eV. Such
electron-hole pairs can be described as neutral quasi-particles called Frenkel exci-
tons, in contrast to Wannier-Mott excitons which are characterised by much lower
binding energies (typically a few meV) and that can be delocalised over tens of the
lattice constant in inorganic materials. The presence of an exciton on a chromophore
will lead to a disruption of the alternating single and double bond pattern of the
conjugated system and give rise to new electron states within the HOMO-LUMO

gap. Figure 2.4 shows a schematic of an exciton on an oligothiophene and the rep-
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Singlet Triplet

Figure 2.4.: Schematic representation of an exciton on a polythiophene chromophore.
The spin-multiplicity of the exciton corresponds to the spin-orientation

of electron and hole. (adapted from [29])

resentation in the energy diagram. Since excitations are characterised by their spin
multiplicity, excitons can be divided into singlet and triplet excitons, corresponding
to the spin-orientation of electron and hole.

As mentioned above, the energy transfer from one chromophore D to a second
chromophore A can be divided into two general cases, radiative and non-radiative
transfer.

A radiative transfer is simply the emission of a photon by chromophore D, with

the subsequent absorption by A, hence

D* — D+ hv (2.10)
hv+ A —s A* (2.11)

This re-absorption process always involves a loss of energy.

Non-radiative energy transfer is enabled by Coulomb interactions of the charge
distribution of the different chromophores. The dominating process due to dipole-
dipole coupling is known as Forster resonant energy transfer (FRET). The transfer

rate kp,

1 IpW)f
kp o R%A/ D(V34A(V)d1/, (2.12)

depends on the oscillator strengths and spectral overlap of the emission and ab-
sorption transitions of donor (fp) and acceptor (f4), respectively. [33] Despite the
R~5-dependence, this transfer is considered a long-range transfer with distances of

up to 5-10 nm. With dipole-dipole interactions, the spin-multiplicity is conserved,
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Figure 2.5.: Schematic representation and corresponding energy diagrams of a posi-

tive and a negative polaron. (adapted from [29])

which is why transfers of the form

'D*+ 14— 'D + 'A* and (2.13)
ID*4+34 — 'D 4 34 (2.14)

are allowed, while triplet-triplet transfers like
SD*+ 1A — D 4+ 34* (2.15)

are forbidden.

Another possibility for a non-radiative energy transfer involves the exchange in-
teraction. This requires an overlap of the wave functions of the chromophores, and
hence is of much shorter range than the dipole-dipole interaction responsible for the
Forster transfer. This transfer is called Dexter transfer, and its rate can be written
as

kp oc e 2pall g (2.16)

where L is the mean Van der Waals radius of D and A and J the spectral overlap. [34]
Here, in addition to the transitions (2.13) and (2.14), also a triplet-triplet transfer
like (2.15) is allowed.

The charge-carrying counterparts to the neutral excitons are called polarons. Simi-
lar to excitons, these charged quasi-particles induce a lattice deformation which gives
rise to localised states within the forbidden gap. In other words, a charge is self-
trapped by the deformation it induces in the polymer chain. Figure 2.5 schematically
shows a positive and a negative polaron in polythiophene and the corresponding

energy diagrams. Charge transport can generally be described by a charge carrier
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mobility u, defined by
vg=pn-E, (2.17)

where vy is the drift velocity of the charges and F the electrical field. Transport be-
tween localised states in organic semiconductors occurs through hopping of charges,
which is, in contrast to inorganic semiconductors, where charge transport is limited
by scattering, phonon-assisted. Accordingly, the charge mobility decreases with tem-
perature in conventional semiconductors, while the reverse is true in most organic
materials. Several models have been developed to rationalise the hopping transport.

In most cases, the temperature dependence of the mobility follows a law of the form
= pge~ T/ (2.18)

where « is an integer ranging from 1 to 4. [35]

The weak intermolecular electronic coupling, the large electron-vibration coupling
(leading to distinct geometric relaxations), and disorder effects in organic semicon-
ductors are responsible for relatively low mobilities and a strong dependence on the
morphology. This results in variations over several orders of magnitude, typically
ranging from 1076-1072 cm?V~!s~! for disordered films, and up to > 1 cm?V—ls~!
for highly ordered materials. [35, 36]

2.3. Optical Properties of Polymer Aggregates

For the description of the optical response of polymer films and saturated solutions,
it is in general not sufficient to look at the behaviour of single chromophores of the
material, but instead it is necessary to take interactions of individual chromophores
into account. These interactions result from packing arrangements of the polymer
chains that can take place in solution as well as in a film, and that are strongly influ-
enced by interactions with the solvent and the film substrate. The optical properties
are then determined by the coupling of the optical transition dipoles, which takes
place if the packing reduces the distances between the chromophores sufficiently so
that the electrons can interact via coulomb forces. To understand the altered opti-
cal properties due to transition dipole coupling in polymers, it is worth looking at
the possible dipole interactions of two small molecules from a purely electronic per-

spective (i.e. without phonon interactions). This description has been worked out
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Figure 2.6.: Illustration of the splitting of energy levels in a dimer due to coupling
of the transition dipoles. (adapted from [32]) Shown are the ground
state, Epy, and lowest excited state, Fy, of the monomer. Depending
on the orientation of the interacting dipoles, F; is divided in two new
energy levels. (a) For a side-by-side coupling (H-aggregate), the parallel
orientation will be at higher energy, Ef_ p, while the energy of the anti-
parallel orientation Eg_sp will be lower than the monomer level Ej.
(b) In J-aggregates, the dipoles couple in one dimension, giving rise to
two energy levels, either are dipoles aligned, E;_ 4, or oriented opposite,

Er_o.

early on in the 1960’s by Kasha [37], in which he divided small aggregates depending
on the orientation of the optical dipoles in two categories, H- and J-aggregates. In
H-aggregates, the dipoles align parallel, while in J-aggregates the dipoles align in a
head-to-tail orientation. These two cases are illustrated in Figure 2.6.

The two different possible alignments for both cases leads to a splitting of the
energy level of the monomer. In the case of H-aggregates, the parallel alignment
of the dipoles (which is energetically unfavourable) results in an energy level which
lies at higher energy than the one for the monomer. The anti-parallel alignment of
the dipoles results in an energy level at lower energy than for the monomer, but
the overall transition dipole moment will tend to vanish for this configuration, which
means that this energy level is accessed with significantly lower probability through an

optical transition from the ground state. The absorption of a dimer in H-aggregate

26



2. Fundamentals of Organic Semiconductors

configuration will therefore be blue-shifted compared to the monomer absorption.
Furthermore, the emission will have to take place from the lowest energy excited state
(Kasha’s rule) following a fast relaxation process with the generation of a phonon.
Due to conservation of momentum, the emission from this state to the ground state
(lowest vibrational state) will therefore be suppressed.

For J-aggregates, the configuration of two dipoles in a head-to-tail configuration
results in an excited energy state with lower energy than the lowest excited state
of the monomer, the absorption into this state is therefore red-shifted. Emission
from this state is enhanced by the number of coupled chromophores, which leads to
superradiant decay rates.

The above model is for purely electronic excitations and does not account for
coupling of the electronic states to vibrational modes. To describe more accurately
an excitation in a molecular assembly, a model called the Frenkel-Holstein model has
been developed, in which the coupling of charges to vibrational degrees of freedom is
considered. [38, 39] This coupling describes charged polarons; a charged particle and
the deformation of the nuclear coordinates around it.

A significant amount of work to apply the model of Frenkel-Holstein polarons to real
systems of polymer aggregates has been carried out by Frank Spano and coworkers. A
detailed description of this model goes beyond the scope of this thesis, so the following
paragraphs will just summarise the outcome of the studies of Spano et al. that is
of importance for this work. [40-45] Spano developed a model considering that an
excitation comprises a vibronically excited central molecule and vibrationally, but not
electronically, excited neighbouring molecules. The latter are geometrically distorted,
due to elongation of one or more symmetric vibrational coordinates.

To account quantitatively for exciton-vibrational coupling, the nuclear potentials
corresponding to the ground (Sp) and electronically excited (S;) molecular states are
shifted harmonic wells of frequency wp. The shift is quantified by the Huang-Rhys
factor, \2.

As a consequence of the coupling of the electronic states to vibrational modes, sev-
eral vibronic states are formed, and instead of two discrete energy levels as discussed
above, bands of states with distance approaching zero are created. The individual
bands are separated by the energy of the main vibrational mode, which is the carbon-

carbon symmetric stretch mode with an energy of iwg &~ 0.17eV. The width of the
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Figure 2.7.: Level diagrams of H- and J-aggregates in the weak coupling regime.

(adapted from [42])

bands depends on the strength of the electronic coupling between neighbouring chro-
mophores, expressed in the energetic shift of the & = 0 (phonon-less) exciton, Jx—.
The exciton bandwidth, W, then becomes W = 2|Jx—o|. As discussed above, for
H-aggregates the k& = 0 hereby is located at the top of the band (at higher energy
then the monomer), the sign of the coupling therefore positive. For J-aggregates, the
sign of the coupling is negative and the k = 0 exciton resides at the bottom of the
band. The width of the exciton bands is therefore directly connected to the strength
of the coupling. Depending on the size of W, different cases are considered: weak cou-
pling (W < A2hwy), intermediate coupling (W ~ A?hwy), or strong coupling regime
(W > Mhwo). The above description for the case of weak coupling is illustrated in
Figure 2.7. The arrows mark excitations due to optical absorption of a photon as
well as allowed optical transitions back to the ground state under photon emission.
The above approach for the description of polymer assemblies as H- or J-type
aggregates has been successfully applied to the photophysical response of a range of
real world systems, including poly(3-hexylthiophene). A more detailed introduction
to this material and the application of the H- and J-aggregate model to describe the
optical absorption follows in the next section. A more extensive investigation of the

photoluminescence of P3HT can be found in the second result chapter (Chapter 4).
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2.4. Poly(3-hexylthiophene)

Poly(3-hexylthiophene) (P3HT) is one of the most intensively investigated materials
among soluble m-conjugated polymers. Due to its facile processability, high charge
carrier mobility, and environmental stability it has become a key material for research
on organic field-effect transistors and organic solar cells. [6, 7, 18, 46-51]

The P3HT polymer chain is made of a m-conjugated polythiophene backbone with
hexyl side chains attached at the 3-position of the thiophene monomers to improve
solubility. Three different possibilities exist to couple the monomers at their 2- and 5-
positions, namely head-tail, head-head, or tail-tail. The regioregularity of the polymer
chain strongly affects the crystallinity of the film. [50] This is because the chemical
incompatibility of the side chains with the polymer backbone results in the tendency
to form a self-assembled structure, in which stacks of polymer backbones alternate
with layers of more or less ordered side chains. [52-54] The self-arrangement of
aromatic molecules in a face-to-face orientation is due to non-covalent, attractive
interactions of their m-systems, and therefore referred to as mw-stacking. [55] The
exact nature of these attractive interactions of the negatively charged electron clouds
is still not completely understood, but results mainly from electrostatic interaction
and dispersion forces arising from induced multipoles in the molecules. [56, 57]

Figure 2.8 illustrates the structure of the m-stacks for P3HT. The distance a between
the m-stacks, often called lamella stacking distance, is mainly defined by the length of
the side chains, but depends also on the weight-average molecular weight of the P3HT,
and is typically in the range of 1.55 - 1.7nm. [58] Furthermore, it has been found that
P3HT can exist in two different crystal structures, called Type I and Type II, which
differ mainly by the side chain conformation. [54] While in Type II the side chains are
interdigitated, no interdigitating is taking place in Type I P3HT, resulting in a larger
lamella stacking distance a. Type I is the thermally stable structure that is usually
obtained when P3HT is cast or spin-coated from chlorinated solvents. Type II is less
common and has just been reported for specific solvent drying conditions, very low
molecular weight P3HT, and involving the application of pressure. [59-61] Also the
m-stacking distance (distance b) varies for both structures, with 0.38 nm for Type I
and a 0.43 nm separation for Type II. [62]

Besides the aforementioned importance of macromolecular properties, the morphol-
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Figure 2.8.: Illustration of the self-assembly of PSHT polymer chains by m-stacking.
(a) and (b) show two known structures, Type I and Type II, characterised
by different stacking distances and the difference in interdigitation of
the alkyl side chains (adapted from [30])). Distance a is the lammellar
spacing, b the w-stacking distance, and ¢ points in the direction of the long
axis of the polymer chain. (c) shows how the polymer chains assemble in

the case of interdigitating side chains.

ogy of thin-films also crucially depends on processing conditions like solution prepa-
ration method (e.g. solvent used and processing temperature), deposition method
(drop-casting, spin-coating, film drying conditions), and the nature of the used sub-
strate. [15, 63—-67] Thermal annealing after deposition further changes the nanomor-
phology of the film. However, it has been observed that spin-coated films of P3HT
in general are made of a network of crystalline domains embedded in a matrix of
amorphous material. [7]

The short distance between polymer backbones forming the m-stacks results in a
strong overlap of the molecular orbitals in this direction, while the overlap along the
lamellar direction is significantly smaller. This leads to a large anisotropy of charge
transport and strong polarisation effects of optical absorption and emission within
the crystalline domains. Furthermore, these nanocrystallites preferentially orient with

one molecular surface in contact with the substrate, being isotropic in two rather than
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three dimensions of the film. Slow deposition orients molecules edge-on, with the n-
stacking parallel to the substrate plane. Depositing material faster, e.g. by the use of
low boiling-point solvents and high spin-coater speeds or by friction transfer results

in a face-on orientation of the molecules. [46, 68]

Optical Absorption of P3HT Films Spano et al. developed a theoretical model that
has been shown to be well suited to explain the optical absorption spectra of PSHT
films. [40] He could derive a mathematical expression that relates the strength of
the excitonic coupling, Jr—g, to the relative intensity of the lowest energy absorption

peaks, Ryps = IO_O/IO_1

abs abs

(1 —0.48J—0/ (hwy))?

Raps = ’
P T (14 0.146J5—0/ (hw))?

(2.19)

This equation is strictly valid in the weak coupling regime, assuming a Huang-Rhys
factor of 1. It predicts an increase of R,ps with decreased coupling strength for H-
aggregates (Jx—o > 0), and a decrease of R,ps with increasing Jx— for J-aggregates.
This change in relative absorption strength can be explained by an increased inter-
band mixing with increasing Ji—o and a resulting redistribution of oscillator strength
to higher energy for H-, and lower energy for J-aggregates. The shift of line inten-
sity of the 0-0 and 0-1 absorption peaks from the isolated molecule to the aggregate
therefore provides a good test for the type of aggregation, whether H-type of J-type.

It has been found that the excitonic coupling strength and hence W is influenced
by the exciton coherence length. More precisely, an increased exciton coherence
length leads to a decrease in W. This behaviour is not intuitive but has been shown
experimentally by comparing the absorption spectra of P3HT films cast from different
boiling point solvents. [45]

Like the optical absorption, also the photoluminescence spectra of P3HT films spin-
cast from low boiling point solvents can be explained well with the model of weakly
coupled H-aggregates. Deviations have been reported recently for high molecular
weight P3HT and for individual, self-assembled P3HT nanofibres. Since the photolu-
minescence of P3HT films and P3HT nanofibres constitutes the main topic of one of
the Chapters later on in this work (Chapter 4), a more detailed introduction covering
the PL characteristics of H- and J-aggregates will be given within the scope of that
Chapter (see Section 4.1).
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Figure 2.9.: Comparison of a standard AM1.5 solar spectrum and the FQF of a
typical polymer solar cell, using a PSHT:PCBM bulk heterojunction.

2.5. Organic Photovoltaics

2.5.1. Exciton Dissociation

The possibility to control the optical and electrical properties by chemical synthesis
makes organic semiconductors interesting for the use in optoelectronic devices like
solar cells. The high extinction coefficient over a large wavelength range allows the
absorption of a considerable part of the solar spectrum with the use of films with a
thickness of just 100 nm - 200 nm. Figure 2.9 shows the solar spectrum after travelling
through the Earth’s atmosphere, representative for temperate latitudes (air mass
coefficient of 1.5, i.e. AM1.5). The graph also shows the response of a typical organic
solar cell. As described above, since the excitation of a molecule leads to a quick
relaxation into the lowest excited state, excessive energy will be converted into heat,
and can therefore not be harvested in electrical energy. Reducing the optical gap to
broaden the wavelength range in which the molecule will absorb will therefore result in
the loss of the energy of high-energy photons. This thermalisation process constitutes
a major limitation of the efficiency of photovoltaic devices. Improvements can be
achieved with tandem architectures, where multiple absorber layers with different
energy gaps are stacked on top of each other.

To generate an electrical current from an optical excitation, the excitons formed

on the absorber material of a solar cell need to be split into free positive and neg-
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Free Energy

Figure 2.10.: Energy level diagram summarising the main processes involved in charge

photogeneration. (adapted from [69, 70])

ative charge carriers. The fundamental processes involved in this are illustrated in
Figure 2.10.

Light being absorbed from the singlet ground state creates a higher energy excited
state, which quickly relaxes into the lowest excited singlet state (S1). In most hydro-
carbons featuring no heavy atoms and a coplanar structure, intersystem crossing to
the triplet manifold is relatively small. [71] The generated exciton can then diffuse
through the organic layer. To be split into charge carriers, it needs to find a site with
an energetically lower lying charge-transfer state (CT-state). [70] This state forms at
the interface of an electron donor and an electron acceptor material (D/A interface).
The molecular nature of the CT-state is not completely understood yet. It is charac-
terised by a broader localisation of the exciton and is often pictured as the hole being
located on the donor and the electron located on the acceptor, while both charges
are still strongly Coulombically bound. [72] To completely dissociate into the charge
separated state (CS), this energy barrier has to be overcome. There is experimental
evidence that the dominating dissociation process is extremely fast (in the range of
femtoseconds) and the CT-CS transition takes place before the excitons thermally
relax to the CT ground state, so that the excessive energy of the "hot excitons’ helps
to overcome the Coulombic barrier (kgg+). [73-75] However, the important role of
hot excitons for efficient charge dissociation is not completely understood and there
is also evidence that shows that excitons with excess energy do not lead to improved
charge separation. [76]

Once the charges have been separated, they move toward their respective elec-

33



2. Fundamentals of Organic Semiconductors

trodes. The efficiency of this process is mainly dependent on the mobility of the
hole conducting and electron conducting material as well as on charge recombination
processes. [77] Both factors are strongly connected to the morphology of the layers

and can vary significantly.

2.5.2. Design of Photovoltaic Devices

A basic device structure of an organic solar cell features an active layer sandwiched
between a transparent and a reflective electrode. Most commonly, the transparent
electrode is a layer of indium tin oxide (ITO) sputtered on a glass substrate. As top
electrode, low work function materials like calcium or aluminium are used. [78]

In the simplest case, the active layer consists of a single polymer layer. This de-
vice corresponds to a metal-insulator-metal (MIM) diode. In forward bias, electrons
are injected from the low work function and holes from the high work function elec-
trode. Due to the asymmetrical work functions of the electrodes, the current under
reverse bias will be orders of magnitudes smaller. This rectifying character can be
accompanied by a radiative recombination of the injected charge carriers, resulting
in a light-emitting diode. If photoinduced free charge carrier generation is allowed,
the device exhibits a significant photocurrent under reverse bias. Using the device
for photodetection under reverse bias, the potential difference between the electrodes
has to be high enough to overcome the Coulomb attraction of the generated excitons.
Otherwise, the photogenerated excitons will decay geminately, either radiatively (i.e.
photoluminescence) or non-radiatively. [70] When operated as a photovoltaic device,
where no external voltage is applied and open-circuit conditions exist, the potential
difference available in the MIM device is caused by the difference in the work function
of the metal electrodes. In most cases (e.g. ITO and Al), the potential difference
due to this work function difference is not high enough to give efficient photoinduced
charge generation, limiting the operation of the photovoltaic cells.

To overcome this limitation, a dual molecule approach, using a donor and an accep-
tor material, has been developed. [79] Figure 2.11 shows the energy level diagram of
such a donor-acceptor bulk heterojunction device, illustrating the operation principle.
All processes involved occur with a certain efficiency 7, determining the overall exter-

nal quantum efficiency (EQFE) of the device. Photons enter the device through the
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Figure 2.11.: Operating principle of a bulk heterojunction solar cell (adapted from
[80]).

transparent ITO electrode and hole extraction layer (consisting of poly(3,4-ethylene-
dioxythiophene) poly(styrenesulfonate), PEDOT:PSS) where they get absorbed, pre-
dominantly in the donor layer, leading to the formation of an exciton (absorption
efficiency n4). For efficient dissociation, the exciton then has to diffuse to the donor-
acceptor interface within its lifetime, where the transition to the CT state can take
place (exciton diffusion efficiency ngp, compare also Figure 2.10). From this state,
the exciton can dissociate into free charges (charge separation efficiency ncg), which
will travel to the respective electrodes (charge collection efficiency nee). [80] This

results in an overall efficiency of
EQE(X) = na(A) X nep(A) X nas(A) x nec(A) - (2.20)

The EQE is often called Incident Photon to Current Efficiency (IPCE), since it can
be seen as the ratio of the number of incoming photons of a certain wavelength to the
number of extracted electrons. Most commonly, the performance of a photovoltaic
device is stated as the power conversion efficiency 17 = Pp4z/Pin, the ratio of the
maximum output power to the power of the incoming irradiation. It can also be

expressed as
Voo - Isc - FF

Pi )

where Vp¢ is the open-circuit voltage, Isc the short-circuit current, and F'F the

(2.21)

fill-factor of the device.
Voc is directly linked to the energy difference between the HOMO level of the
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Figure 2.12.: Comparison of two fundamental device architectures, (a) a bilayer struc-

ture, and (b) a bulk heterojunction.

donor and the LUMO level of the acceptor. Scharber et al. have found that it can

be expressed by the empirical equation

1
_ donor acceptor
Voc =~ (‘EHOMO’ - ‘ELUMO

~03 eV) : (2.22)

where e is the elementary charge and E is the energy level. [81] Since a higher Voo
will directly increase the efficiency of the solar cell (Equ. 2.21), the position of the
energy levels is of great importance and needs to be considered when materials are
developed.

Isc is mainly dependent on the integral of the product between cell responsivity and
incident solar spectral irradiance (i.e. the overlap between EQE and solar spectrum,
compare Fig. 2.9). Therefore, the most powerful strategy to achieve high Igc is to
narrow the band gap to cover a wider range of the solar spectrum. Other parameters,
such as carrier mobility, intermolecular interactions, and molecular chain packing also
affect Igc.

The third parameter in Equation 2.21 that has to be maximised to achieve high
power efficiency is the fill-factor (F'F). The FF is affected by many factors, such
as charge carrier mobility and balance, interface recombination, series and shunt
resistances and film morphology. [82, 83] It acts as a sensitive indicator for these
influencing factors, however, the exact effect on the F'F' for many parameters is still
not understood.

The quest for high efficiencies has led to two basic solar cell designs. As illustrated
in Figure 2.12 (a), the donor and acceptor layer can be deposited successively, re-
sulting in a bilayer structure. The advantage of this structure is that the processing

conditions for both materials can be controlled and optimised individually, to achieve
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a high mobility for the respective charge carrier type, so the charge collection effi-
ciency noco can be high. Nevertheless, a bilayer structure offers just a small interface
area between donor and acceptor, where the dissociation of excitons can efficiently
take place. The limited amount of charges generated is the main reason for the com-
paratively low efficiency of this device structure. The problem of a small interface
area can be overcome if donor and acceptor are blended in one layer, forming a bulk
heterojunction (Figure 2.12 (b)). This structure can offer a large interface area if
the processing is optimised to result in the right domain size, which ideally has to
be within the exciton diffusion range (typically ~ 10nm). In addition to the impor-
tance of phase separation, charge transport out of domains of one component which
is surrounded by the other can be a problem. In highly efficient systems, the two
materials are often not completely segregated, but mixed phases where both holes
and electrons can be transported exist.

The bulk heterojunction concept has led to remarkable results, with power conver-
sion efficiencies approaching 10 %. [13] Most commonly, the materials are deposited
from solution, but also the deposition of small molecules by thermal evaporation in
vacuum has led to equally good results. [84] As an acceptor material, fullerenes be-
came a standard, while a wide range of donor materials have been investigated. A
major breakthrough was the discovery of soluble thiophenes, most importantly PSHT.
[6] With this system, efficiencies of 4-5 % could be achieved after careful optimisa-
tion of the morphology. [8] Although other materials could exceed this performance,
P3HT:PCBM became a popular system both for fundamental research as well as for
first large-scale applications. [85, 86]

Since this work is focused on P3HT, a more detailed summary of the optical and

electrical properties of this material is presented in the following chapter.
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Polythiophene Nanofibres

3.1. Introduction: Nanofibre Formation of P3HT

The self-assembly of polythiophene chains on a nanoscale and the orientation be-
haviour of the crystallites in the film have sparked interest to increase the order of
polythiophenes on a larger length scale. In 1993, Ihn and coworkers first described
that polythiophenes can form macroscopic structures in the shape of long whiskers
of the length of several micrometres. [20] They discovered that these structures form
when a warm solution of the polymer in a poor solvent is slowly cooled to room
temperature, and that the observed colour change of the solution from light orange
to dark red, which was previously referred to as thermochromism, [87] was related to
an increased crystallinity.

Their method of slowly cooling a solution of P3HT in a poor solvent was further
investigated by other groups, [23-25] and alternative techniques to grow nanofibres
from solution were developed, which often involve the addition of a suitable non-
solvent to a solution of P3HT such as hexane, [88, 89] acetonitrile, [90, 91] and
nitrobenzene. [92]

This chapter reports on a nanofibre (NF) formation process in which di-tert butyl
peroxide (DTBP) is used as an additive to a solution of P3HT in chlorobenzene.
It will be described how this technique can be used to control the crystallinity of
P3HT films as well as to gain control over the degree of insolubility of the films. The
possibility to fabricate insoluble films is of advantage for the fabrication of solar cells,
since it allows the successive deposition of a second layer from a similar solvent, which
can be used to obtain better control over the formation of the bulk heterojunction of

the solar cell. This application will be discussed in more detail in Chapter 5.
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Although the focus of this chapter lies on the NF formation using DTBP, some
results reported concern the formation process using a method of slow cooling in
toluene. During slow-cooling, the material is dissolved in a poor solvent at elevated
temperature, and the solution then cooled to room temperature, falling below the
solubility limit and thereby forcing the material to aggregate. Given suitable condi-
tions with regard to solvent choice, polymer concentration and temperature, it has
been shown that this method can lead to the formation of PSHT NFs of different
quality. [93] According to Roehling et al., the use of toluene as a solvent results in
NFs with fewest stacking faults and high planarity of the polymer backbone inside
the fibres. [93] For some measurements in this chapter, the method of slow cooling in
toluene is used as a comparative technique to the fibre growth using DTBP as addi-
tive. Since this method is of importance for the photoluminescence studies reported
in Chapter 4, some results about the formation process and characterisation of the

NFs are included in the following sections.

3.2. Experimental

3.2.1. Materials

All materials used in the following experiments, including the solvents chlorobenzene
and toluene, were purchased from Sigma Aldrich and used without further purifi-
cation. The P3HT powder (Prod. Nr.: 698997, M,=>54,000-75,000¢g/mol, > 98 %
head-to-tail regioregular) was stored in inert gas atmosphere, while solution prepa-
ration took place in ambient conditions. DTBP (Prod. Nr.: 168521) was stored in

ambient conditions at low temperature (= 5°C).

Di-tert-butyl peroxide (DTBP)

DTBP is one of the most stable organic peroxides and a light yellow transparent liquid
at room temperature. At elevated temperatures above 100 °C it undergoes homolysis,
meaning the breakdown of the relatively weak oxygen-oxygen bond, generating two
radicals. This process is shown in Figure 3.1. Because of this behaviour, peroxides
are commonly used in rubber industry as a radical initiator to crosslink polyethylene.

94, 95]
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Figure 3.1.: Chemical structure of DTBP and its decomposition reaction at elevated

temperatures.

In 2009, Gearba and coworkers reported on the use of DTBP to thermally crosslink
P3HT. [21] They explain that upon annealing at 150°C the DTBP-radicals attack
mainly the alkyl sidechains of P3HT, where they remove hydrogen atoms. This
leads to bonds between different polymer chains, while the conjugated system of the
polymer backbone remains unaffected. This process would form an interconnected
network of polymer chains, resulting in insoluble films. By adding DTBP directly to
a solution of P3HT in chlorobenzene, and by annealing the films spin-cast from this
solution, Gearba et al. indeed observed the films to become insoluble with increasing
peroxide concentration. They also proved a higher crystallinity of the film and a
higher conductivity as well as a slight blue-shift of the absorption spectrum, and
they concluded that the crosslinking process indeed takes place as expected.

However, as the following sections will show, the phenomena observed by Gearba
et al. can be well explained by a process involving the formation of nanofibres upon
addition of DTBP to a solution of P3HT, and it is unlikely that an actual crosslinking

process of the alkyl side chains takes place.

3.2.2. Sample Preparation and Characterisation

Solutions of PSHT were prepared in ambient conditions by weighing the needed
amount of polymer in a small vial and adding the required amount of solvent.

Nanofibre growth by addition of DTBP

A solution of 10 mg/ml P3HT in chlorobenzene was prepared by dissolving the mate-
rial on a stirrer / hot plate at a temperature of 70 °C. The solution was then cooled
to room temperature while stirring at low speed (=~ 100 — 200 rpm). DTBP was then

added dropwise and the vial shaken in between to avoid local precipitation. After ad-

40



3. Fabrication and Properties of Polythiophene Nanofibres

dition of DTBP, the vial was left on the stirrer for at least 2h to allow the formation

of NFs.

Nanofibre growth by slow cooling in toluene

A solution of P3HT (~ 0.5mg-ml™!) in toluene was prepared by dissolving the
material in a vial that was kept in a heated water bath at 100 °C, until the material
was dissolved and the solution showed a light orange colour. The heater was then
gradually turned down over a period of ~ 2h, and the water bath slowly cooled down
to room temperature. The solution was then left at room temperature for at least

12 h before it was centrifuged twice to remove non-aggregated material.

Absorption Spectroscopy

UV-vis absorption measurements in solution (=~ 1073 mg - ml~!) were performed in a
cuvette with an optical path length of 4 mm. Film samples were prepared on fused sil-
ica substrates that were cleaned in a bath of acetone and subsequently in isopropanol
with ultrasonication for about 10 min each and dried in a stream of nitrogen. The
material was deposited by spin-casting at 2000 rpm in ambient conditions.
Absorption measurements were performed using a photo-spectrometer Agilent 8453.
The system features a combination of a tungsten lamp and a deuterium lamp and cov-
ers a wavelength range from 190 nm - 1100 nm. For detection, the light is dispersed

by a grating onto a photodiode array.

Surface Topography by AFM and Profilometry

An atomic force microscope (AFM) consists of a cantilever with a sharp tip (probe)
at its end that is used to scan the sample surface. [96, 97] The cantilever is typically
silicon or silicon nitride with a tip radius of curvature on the order of nanometers.
When the tip is brought into proximity of a sample surface, forces between the tip
and the sample lead to a deflection of the cantilever. The interaction between the tip
and the sample involves a wide range of forces, such as mechanical contact force, van
der Waals forces, capillary forces or electrostatic forces. The deflection of the probe
is measured using a laser spot reflected from the top surface of the cantilever into an

array of photodiodes.
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The AFM can be operated in a number of modes, depending on the application.
Possible imaging modes are divided into contact modes and a variety of dynamic (non-
contact or tapping) modes where the cantilever is oscillating close to its resonant
frequency. For soft samples like polymer-films, operation in tapping mode is often
preferred, since this reduces the risk of causing damage to the sample. While scanning
the sample surface, a feedback mechanism is employed to adjust the tip-to-sample
distance to maintain a constant force between the tip and the sample. The tip is
mounted on a vertical piezo scanner while the sample stage is being scanned in x-
and y-direction. The resulting map of points z; = f(z;, y;) represents the topography
of the sample and can be visualised by colour-coding the numerical values for z. A
meaningful parameter to describe the surface is its root mean square roughness R,
which can be calculated from the individual, equally spaced heights of the individual
pixels, z;, by

In the presented work, a Dimension AFM from Veeco Instruments was used in
tapping mode, using cantilevers from MikroMasch (type NSC35). The substrates
used were either fused silica slides as described above for absorption measurements,
or Si / SiOy substrates that were cleaned in isopropanol with ultrasonication for
about 5 min prior to material deposition by spin-casting or drop-casting.

Similar to the cantilever in an AFM in contact mode, a profilometer uses a diamond
stylus that is moved across the sample for a specified distance and specified contact
force.! The vertical displacement of the stylus z is measured in dependence of its hori-
zontal position. A profilometer has a high vertical resolution of a few nanometers, but
the lateral resolution is limited by the relatively big size of the stylus. Nevertheless,
its scanning speed is much higher than the one of an AFM, which makes it suitable
for surface characterisation on macroscopic length scales (up to several millimetres).
Similar to the AFM, a root mean square surface roughness R, can be calculated from

the measured values for z using Equation 3.1.

!The profilometer used in this work is a Dektak 8 from Veeco Instruments Inc.
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GIXRD and XPS Measurements

Grazing incidence X-ray diffraction (GIXRD) measurements were performed with
a Rigaku Ultima IV type III diffractometer (Rigaku, Tokyo, Japan) equipped with
cross beam optics (CBO) by using a K, wavelength emitted by a Cu anode. Careful
alignment of source and detector with respect to the sample was reached by using
a thin-film attachment with three degrees of freedom. In order to avoid beam de-
focusing, the measurements were carried out in parallel beam mode. Divergence of
the primary beam was reduced by a 5° Soller slit, while divergence of the diffracted
beam was reduced by a 0.5° horizontal Soller slit. The incident angle was kept at
0.5° to avoid any significant scattering from the substrates. XPS measurements were
performed with a ESCALAB IIB spectrometer (VG Scientific Ltd., UK), using the
Al K, line at 1486.6 eV. Pass energy for wide scans was 50 eV and 20 eV for high reso-
lution scans. All the binding energy (B.E.) values are referenced to the aromatic C 1s
band at 284.6eV. Integration of the XPS bands was carried out using the CasaXPS

software.

3.3. Results

3.3.1. Fibre Formation in Solution

The method of using a suitable additive as an initiator to NF growth has the ad-
vantage that the fibres can be formed in a solvent that is normally used for the
processing of P3HT, which also allows the use of a second material to dissolve in
the same solution, like e. g. an acceptor material like PCBM for the use in solar
cells. Furthermore, the amount of additive added to the solution presents another
parameter which allows control over the formation process, which will be explored in
this chapter.

The additive used in this work is di-tert butyl peroxide (DTBP). This material
has been suggested as a thermal crosslinking agent for PSHT, since the use of DTBP
results in insoluble films. [21] It will be shown in the following sections, that the
underlying process behind the insolubilisation is a formation of NFs.

One way to directly observe the formation of nanofibres is by monitoring the UV-vis

absorption of a dilute solution. Figure 3.2 shows the absorption spectra of a solution
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Figure 3.2.: Absorption spectra of a solution of P3HT dissolved in chlorobenzene, a
dilute solution of DTBP-grown fibres in chlorobenzene, and a toluene

solution with fibres grown by slow-cooling in this solvent.

of P3HT dissolved in chlorobenzene, together with two spectra of solutions in which
NF's were grown. It can be seen that the spectrum of dissolved P3HT consists of one
broad absorption peak around 455 nm, while the nanofibre solutions are characterised
by the emergence of additional absorption peaks at higher wavelength.

These peaks, that are absent for the dissolved P3HT, indicate the formation of
aggregates. The ratio of the two lowest energy absorption peaks, Ao—o/Ao—1 = Raps,
is related to the strength of the excitonic coupling in the aggregate, as described
by Equation 2.19. For H-type coupling (Jx—o > 0), Raps goes towards 1 as Jy—g
decreases. As can be seen in Figure 3.2, for the dispersed toluene grown fibres, Rgps
is slightly larger than 1, indicating very weak intermolecular coupling for this case.

It can also be seen in Figure 3.2 that the spectra of both fibre samples show a
significant contribution of dissolved material to the absorption. This indicates that
in both cases a significant fraction of non-aggregated material is still present in the
solution. The amount of aggregated content is higher for the toluene sample than it
is for the DTBP sample. This is mainly because chlorobenzene is a good solvent for
P3HT, and with dilution of the fibres for absorption measurement in CB, a significant
amount of the fibres is expected to re-dissolve. Toluene on the other hand is a poor

solvent for P3HT, and hence, the fibres are more stable in this solution.
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Figure 3.3.: AFM images of NFs fabricated by addition of DTBP to a solution of
P3HT in CB. (a) Separated fibres, showing the variation in length. (b) If
deposited from solution with higher concentration (> 1072 mg/ml), the

tendency of the NFs to form larger bundles becomes visible.

3.3.2. Fibre Shape and Dimensions

To find out about the actual shape of the nanofibres, solutions of dilute fibres in
solutions were spin-cast on silicon substrates. Figure 3.3 shows AFM images of two
samples that highlight two important properties of solution-grown nanofibres. Fig-
ure 3.3 (a) shows that the fibres can be successfully separated into individual fibres.
While being nanometre-sized in height and width, the length of these fibres can ex-
ceed several micrometres. Figure 3.3 (b) shows, how individual fibres can form bigger
aggregates, or fibre bundles. The bundle in the left hand side of the image has a di-
ameter of about 10 pum. The size of the bundles varies and can be bigger than the
one shown here. They are expected to form in solution already, and are more likely
to occur at high concentration (= 1073mg/ml) in the solution. Nevertheless, the
individual fibres surrounding the bundle as well as the fibres in Figure 3.3 (a) demon-
strate that P3HT NFs can be successfully separated by lowering the concentration in
the solvent.

Figure 3.4 allows a more accurate determination of the NF dimensions. Figure 3.4 (a)
shows an AFM image of an area where fibres of different height are visible. The height
profiles at different location is extracted and plotted in Figure 3.4 (b). The height

in this graph is shown in nanometres as well as in multiples of lamella stacks, with a
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Figure 3.4.: (a) High resolution AFM image of NFs on a SiOj substrate, allowing the
determination of their height and width. Cross-sections were taken at
different positions, indicated by the white lines, and the profiles plotted
in (b). To determine the number of lamella stacks, a lamella stacking

distance of 1.6 nm was used.

distance of 1.6 nm typical for P3HT (compare Fig. 2.8 and Sec. 3.3.3). It shows that
fibre-like structures are detectable that consist of as little as one layer of w-stacked
polymer chains, up to 5 lamella-stacked layers, resulting in a height of about 8 nm.
Interestingly, one single fibre can have segments of different height. Also, it appears
as if a minimum of two w-stacked layers is required for the aggregate to take the
shape of an extended nanofibre. The areas of single-layered stacks show up as more
spread out, curled features.

Due to broadening effects of the AFM tip, it is not straight forward to accurately
determine the width of the fibres. Measuring the distance at the top of the fibre,
where the influence of the tip is smallest, the width can be determined to be about
30-50 nm. This assumes that the width towards the base of the fibre does not change
but is a broadening effect attributed to the shape of the tip.

3.3.3. Control of P3HT Thin-Film Properties using DTBP as Additive

This section describes how DTBP can be used as an additive to a solution of P3HT

in order to control the crystallinity and film retention of spin-cast films.
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Figure 3.5.: Macroscopic surface profiles of PSHT films spin-cast from solutions with
different DTBP concentration ((a)-(e)) and associated absorption spec-
tra ((f)-(g)) of these films before (solid line) and after (dotted line) spin-
rinsing with chlorobenzene. R, is the calculated root mean square rough-
ness of the surface. The film retention factor r is the ratio of the inte-

grated area under the as-cast film and the spin-rinsed film.

Film Retention

To investigate the effect the addition of DTBP has on P3HT, solutions of P3HT
with varying amount of peroxide were prepared, and films spin-cast on fused silica
substrates. Figures 3.5 (a)-(e) show the macroscopic surface profiles of the films,
scanned along a line of 2mm, using the surface profilometer. The DTBP concen-

tration, cprpp, was varied from 0vol% to cprpp = 20vol%. The root mean square
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roughness R, calculated from the scans allows a qualitative comparison of the change
in surface topography.

It can be seen that the profiles for cprgp = 0 vol% and cprep = 3 vol% are
virtually identical. The roughness starts to increase from a concentration of cprpp
= 9vol%, and at cprpp = 20vol%, R, reaches a value of 8.1 nm, with peak heights
exceeding 20nm. Using a film with such large variation in height in electronic de-
vices bears the risk to create direct pathways between the electrodes. These direct
pathways, or shunts, lead to a decreased fill-factor in solar cells and hence lower the
efficiency of the device. [8, 98] It is in some cases possible to even out rough layers
by making the following layers sufficiently thick. But increasing the layer thickness
generally leads to higher series resistance, which will again lead to a reduction of the
fill-factor and might additionally unfavourably influence the charge carrier balance.
Since this work is motivated by potential applications in bilayer solar cells, and single
layer thicknesses typically do not exceed 50 nm, a further increase in film roughness
would not be feasible for these applications. Therefore, 20 vol% marks the highest
concentration of DTBP used in this work.

In addition to the increased roughness, also the retention of the films increases. The
graphs in Figures 3.5 (f)-(j) show the UV-vis absorption spectra of the films as-cast
(solid line), and after they have been spin-rinsed with chlorobenzene (dashed line).
To assess the degree of insolubility of the layer, a drop of chlorobenzene, wetting the
whole surface of the substrate, was set on the film and after waiting for 1 min spin-
rinsed at 2000 rpm. This procedure is similar to the deposition of a subsequent layer
and hence a good test for the suitability for bilayer devices. The increase in viscosity
upon addition of DTBP results in different film thicknesses for different peroxide
concentrations, ranging roughly from 25nm to 60nm. Therefore, the absorption
spectra were normalised to the absorption maximum, while the spin-rinsed spectra
were divided by the same normalisation factor used for the as-cast spectra, allowing
a comparison of the spectral shape and intensity. A retention factor r can be defined
as the ratio of the integrated area from 310 nm to 750 nm under the as-cast (a/c) film
and spin-rinsed (s/r) film, hence

PO A/T(N) dA

310 nm

= 7750 nm :
310 nm Aa/c()\) d)\

(3.2)

The absorption spectra in Figures 3.5 (f)-(j) show a clear dependence of the re-
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Figure 3.6.: AFM images of a film with P3HT spin-cast from a chlorobenzene solution
(a), and a film spin-cast from a solution of with a 14vol% content of

DTBP (b).

tention factor on the DTBP concentration. Similar to the behaviour of the surface
roughness, a concentration of cprpp = 3vol% does not bring any change compared
to the pure P3HT layer. In both cases, just about 10 % of the material remains on
the substrate after spin-rinsing. This value increases to 38 %, 64 %, and 81 % for a
cprep of 9vol%, 14vol%, and 20 vol%, respectively. Furthermore, the shape of the
absorption spectra changes with varying DTBP concentration, which is connected
to an increase in crystallinity. This fact, as well as the correlation between surface
roughness and retention, will be discussed in detail in the following section.

Figure 3.6 shows AFM images of a film of P3HT, spin-cast from chlorobenzene
solution without additive (Fig. 3.6 (a)), compared to a film that has been deposited
from a solution to which 14 vol% DTBP were added (Fig. 3.6 (b)). A clear difference
can be seen in the surface morphology of the two films. The pristine P3HT film is
almost without features and fairly flat (calculated root mean square surface roughness
R, = 1.01nm). In contrast, the film from the solution with added DTBP shows an
increased surface roughness (R, = 2.14nm) and it is apparent that it consists of a

network of interwoven fibres.

Crystallinity

To gain further insight into the differences in microstructure of the two films, grazing

incidence X-ray diffraction (GIXRD) was employed. Figure 3.7 shows the GIXRD
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Figure 3.7.: GIXRD patterns of films of pristine P3HT, after annealing at 150 °C for
10 min, and spin-cast from a P3HT solution with 14 vol% DTBP.

patterns of films of pristine P3HT as-cast and after annealing for 10 min at 150°C,
and of a film from a P3HT solution with cprpp = 14 vol%. All three samples feature
a clear diffraction peak at an angle 260 =5.59°, which can be assigned to the (100)
reflection. [46] The intensity of this reflection is highest for the PSHT+DTBP sample
which additionally shows the (200) and (300) reflections, which are both absent for
the untreated and annealed P3HT samples. Both facts prove the significantly higher
degree of crystallinity of the PSHT+DTBP sample compared to the films without
DTBP. Annealing of the P3HT film leads to the emergence of a broad peak, centred
at around 20 °, suggesting the formation of smaller and randomly oriented crystallites
(this peak is often called the amorphous halo).
Using Bragg’s law,
nA = 2dsinb , (3.3)

where n is an integer (the order of diffraction ) and A = 1.54056 A the wavelength
of the X-rays (Cu K1), it can be concluded from the location of the (100) peak at
20 =5.59° that the distance d between the Bragg planes is 15.79 A. This value is
in agreement with values reported in literature, and can be assigned to the lamella
stacking distance a (see Fig. 2.8). [25]. A distance of 15.79 A indicates that the
polymer chains assemble in a Type I configuration with non-interdigitating side-
chains. No evidence for a Type II configuration is visible from the GIXRD spectra,
since interdigitation of the side-chains would result in a shorter distance and hence

in a reflection signal at larger angles. [54, 58] Furthermore, since the GIXRD setup
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probes signals resulting from diffraction of a stacking direction perpendicular to the
substrate plane (out-of-plane configuration), it can be concluded that the polymer
chains are oriented in an ’edge-on’ orientation. Since the diffraction signal in the
direction parallel to the substrate (in-plane) could not be probed with the setup used,
no clear conclusion can be drawn concerning the m-stacking distance (b in Fig. 2.8).
Nevertheless, assuming the chains arrange in a Type I structure, this distance is
known to be 3.8 A. [25, 62]

Comparing the shape of the absorption spectra in Figures 3.5 (f)-(j) shows some
clear differences which give evidence for a change in nanomorphology upon addition
of DTBP. All spectra show three absorption peaks at around 520 nm, 555 nm, and
605nm. In the case of a low peroxide concentration (cprpp < 3vol%), the transition
peaks show a larger width, which merges the two peaks of low wavelength to one main
central peak and a shoulder at 605 nm. For higher DTBP content (cprpp > 9vol%),
the line width is decreased and the transitions become clearly visible as individual
peaks.

Brown and coworkers found out that the absorption of films of regioregular PSHT
cannot be explained with a simple Franck-Condon progression (compare Sec. 2.3), if
it is assumed that the transition at 605 nm is the lowest energy intrachain excitation.
[99] They conclude that this feature results from an interchain aggregate excitation
and its intensity is strongly correlated to the molecular order in the film. Spano and
Clark could later successfully apply the H-aggregate model to explain the shape of the
absorption spectra of P3HT thin films spin-cast from several solvents. [44, 45] Based
on the formalism developed by Spano, they could show how the peak ratio of the
lowest energy transition (the 0-0 transition) and the 0-1 transition, R4, can be used
to determine a value for the exciton bandwidth W and hence for the intermolecular
coupling and crystalline order of the material.

Using Equation 2.19 with W = 2|Jx—o| gives

1070 1—0.24 W/ (hwp) \ 2
Raps = %b_sl = ! W/( 0) ) (34)
I 1+ 0.073 W/ (hwy)

abs

with fwg being the 0.17 €V vibrational mode resulting from the symmetric C-C stretch
(compare Sec. 2.3). For spin-cast films of P3HT, values for W typically range from
120meV to 20 meV, depending on the boiling point of the solvent, film drying con-
ditions, and molecular weight. [45] The DTBP-free case of Graph 3.5 (f) gives
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CDTBP as-cast spin-rinsed

/vol % | Raps | W/meV | Ryps | W/meV
0 0.68 99 - -
3 0.68 99 - -
9 0.75 75 | 0.84 46
14 0.77 68 | 0.83 49
20 0.77 68 | 0.79 62

Table 3.1.: Exciton bandwidth W for the as-cast and spin-rinsed films, as calculated
from Rgps (Figs. 3.5 (f)-(j)) using Equation 3.4.

Rups = 0.68, which corresponds to a bandwidth W = 100meV, which is in good
agreement with the values found by Clark et al. [45] All values extracted from the
absorption spectra of the as-cast and the spin-rinsed films for the various DTBP
concentrations are summarised in Table 3.1. It is important to note that since the
absorption spectra are a superposition of the crystalline (NF) phase and the amor-
phous phase, the calculated values for W are affected not just by the molecular order
but also by the relative amount of crystalline to amorphous material. For the as-cast
films it can be seen that W is decreased for concentrations of cprpp > 9vol% and
shows the same value for both 14 vol% and 20 vol%. The value of 68 meV is still
relatively large when compared to values reported for highly crystalline films of PSHT
and suggests that there is still a significant fraction of the film in a non-aggregated,
amorphous phase. This is also supported by the fact that after spin-rinsing, W de-
creases to 46 meV and 49 meV for cprgp = 9 vol % and 14 vol %, respectively. This
shows that it is mainly the amorphous fraction of the film that gets washed away,

hence the average crystallinity increases.

3.3.4. Effect of DTBP on P3HT

The DTBP molecule features two central oxygen atoms which are just weakly bound
and responsible for the homolysis of the peroxide, i.e. the dissociation of the molecule
into two radicals (see Fig. 3.1). Due to this process peroxides are commonly used
as oxidising agents. Nevertheless, DTBP is one of the most stable peroxides, and

to efficiently activate the homolysis a temperature above 100°C is required. To see
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Figure 3.8.: Absorbance of a film of P3HT after annealing at 150 °C in DTBP vapour

for a different amount of time.

the effect of DTBP radicals on P3HT, P3HT films were kept at a temperature of
170°C in a vapour of DTBP for a varying amount of time. Figure 3.8 compares the
absorption of the samples. Clear differences of the spectra are already apparent after
a few minutes of exposure to DTBP. With increasing exposure time, the spectrum
loses vibronic structure and shows a blue-shift of the absorption maximum. This
indicates that the peroxide, if at a temperature above 100 °C, does effect the conju-
gated backbone and reduces the conjugation length of the system. It is most likely
the sulfur in the thiophene rings that does get oxidised.

In contrast, if the peroxide is added to the solution and kept at room temperature,
no sign of oxidation is visible from the UV-vis absorption spectra as shown in the
graphs of Figure 3.5 (f)-(j). Also XPS measurements did not provide any indication
for the incorporation of additional oxygen in the films upon addition of DTBP to
the P3HT solution. In particular, Figure 3.9 (a) shows how the XPS spectrum of
a pure P3HT film compares to a sample where DTBP was added to the solution.
Both spectra are virtually identical, clearly showing signals that stem from the 2s
and 2p electrons of the sulfur atoms and the carbon 1s signal. In both cases, no
signal is detectable at an energy of 530eV, where the oxygen 1s peak is expected.
Furthermore, no sign of oxidation-related groups has been found both in the high
resolution spectra of C 1s and S 2p regions for both the analysed films (Fig. 3.9 (b)
and (c)).

Although minor oxidation effects caused by DTBP cannot be completely ruled
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Figure 3.9.: Wide scan XPS spectra of films spin-cast from solutions with and without
DTBP. High resolution scans of the C 1s and S 2p peaks are shown in
(b) and (c), respectively. The gray lines show the individual components

of the peaks. The overall convolution is shown as black line.

out even if the solution is kept at room temperature, the results obtained so far all
indicate that the process behind the formation of insoluble layers is a self-assembly
process driven by the limited solubility of P3HT in DTBP. Non-polar solvents such
as chlorobenzene are well suited for P3HT, which is a non-polar molecule as well. In
contrast, DTBP shows a distinct polarity due to the strong electronegativity of the
two central oxygen atoms.

As will be shown in Chapter 5, no effect that can be traced back to an oxidation
is apparent from the transistor characteristics and photovoltaic device performance

either.
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3.3.5. Additional Characterisation Techniques

This section reports on two experiments which were performed within the framework
of this thesis, but which are not fully conclusive yet. However, since the measurements
complement the experiments presented in this chapter and since the findings could
be the basis for future experiments, the preliminary results of these measurements
are included in this thesis.

Both experiments were carried out during secondments within the Initial Training
Network (ITN) "SUPERIOR”. The aim of the work that is reported in the first
subsection was the alignment of P3HT NFs using a strong magnetic field (up to
32'T). The measurements were carried out during a visit to the High Field Magnet
Laboratory (HFML) at Radboud University Nijmegen (The Netherlands).

The second subsection describes an experiment that was focused on imaging PSHT
NF's using a scanning near-field optical microscope (SNOM). The work was carried
out during a visit to APE Research (Trieste, Italy), a company that is specialised in

the development and application of various scanning probe microscopy techniques.

Alignment of P3HT NFs in a High Magnetic Field

The ability to fabricate films of aligned NFs enables the investigation of directional
charge transport (parallel or perpendicular to the fibre long axis) as well as the po-
larisation dependence of optical absorption and photoluminescence. The idea is to
deposit pre-formed NFs from solution while a high magnetic field is applied during
the drying process to achieve the desired orientation on the substrate. Aligned films
using a magnetic field during drying have been reported for liquid crystalline semi-
conductors and self-assembled anthracene fibres, but little work has been reported on
the alignment of P3HT NFs. [100-102] Yonemura et al. reported a partial alignment
of P3HT NF's using fields with a field strength up to B = 10T. [103]

To confirm the expected alignment of P3HT NF's in solution, a dilute NF solution
(~ 1072 mg/ml P3HT in chlorobenzene or toluene) was placed in a 32 T magnet, and
possible alignment was detected using a birefringence setup. The retardation of a
632 nm laser beam that passes through the sample in dependence of the applied mag-
netic field strength is shown in Figure 3.10. The blue curve shows the measurement

on centrifuged NFs dispersed in toluene. It features a sharp onset of alignment at
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Figure 3.10.: Retardation of a 632nm laser beam when passing through samples of
NFs in solution in dependence of the applied magnetic field strength
B. The retardation is caused by a difference in refractive index for the
ordinary and extraordinary beam (calculated values on right y-axis),
indicating field-induced alignment effects. Both curves were corrected

for solvent effects by subtracting the signal of a sample of pure solvent.

a field strength of B ~ 1.5T and the beginning of a saturation regime at B ~ 4T.
However, the curve is still increasing significantly at B > 4T, instead of showing a
flat plateau which would be expected when the alignment of the fibres is completed.
A continuous increase of alignment with increasing B can result from a large size
distribution of the fibres. Large fibres will, due to the increased magnetic dipole mo-
ment align at lower field strength then fibres of smaller size. Although the solution
has been centrifuged to remove non-aggregated polymer chains, a wide distribution
of fibre length is still expected as suggested by the AFM images discussed above
(Fig. 3.3). It is also supported by the data obtained for the same measurement on
fibres dispersed in chlorobenzene (purple curve in Fig. 3.10). In this case, a clear
onset of beginning alignment is missing, instead the retardation signal continues to
increase with increasing field strength. Since chlorobenzene is a good solvent for
P3HT, it is expected that the fibres get partially redissolved, resulting in a larger
fraction of smaller aggregates and dissolved polymer chains (compare also Fig. 3.2
and discussion).

The large size distribution of the NFs in solution, which can hardly be overcome

with the fibre fabrication techniques used in this work, constitutes a limitation for the
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complete alignment of the fibres. Another limitation is the vertical geometry of the
high field magnet at HFML. The fibres are expected to align in a plane perpendicular
to the field direction. This means that material which is deposited on a horizontally
flat substrate does not experience an in-plane alignment.

The maximum field strength that was available in a horizontal geometry at HFML
was a 2 T magnet. According to the data in Figure 3.10, this field strength is
expected to result in a partial alignment of the longer fibre fraction. Unfortunately,
no alignment effect could be detected on films dried from chlorobenzene or toluene,
using polarised absorption measurements and AFM. It is most likely that convection
during drying of the solvent counteracts the relatively weak forces of the magnetic

alignment.

Scanning Near-Field Optical Microscopy

A scanning near-field optical microscope (SNOM) is a type of scanning probe mi-
crosope that uses an optical fibre with an aperture of a few tens of nanometres. [104]
Because of the small fibre opening, light that passes through the fibre is not able to
exit through the aperture. However, the electromagnetic field will protrude from the
fibre opening for a few tens of nanometres, allowing optical excitation of the sample
with high resolution (exceeding the resolution of a conventional optical microscope).
Light emitted through fluorescence of the sample as well as scattered light from the
excitation is collected by a photodetector with optional filters focused on the scanned
area of interest. At the same time, an image of the samples topography is recorded
by scanning the probe across the sample, using shear forces to regulate the height
of the probe aperture over the sample. Figure 3.11 (a) shows the topography of a
sample of P3HT fibres on a fused silica substrate recorded with a SNOM. The top
part of this image shows individual fibres with dimensions as expected from the AFM
measurements described above (compare Fig. 3.3 (a)). The ability to image small
height differences of the substrate, in this case the grooves from the fused silica sub-
strate leading diagonally through the image, demonstrates the high resolution of this
technique for horizontal displacement as well as the height resolution.

In the lower part, however, bigger structures, extending vertically (i.e. perpendic-
ular to the scanning direction) are visible. These structures are artefacts that most

likely result from material being adhered to the probe and displaced during the scan.
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Figure 3.11.: (a) SNOM-Topography image of a sample of DTBP-grown NF's on a
fused silica substrate. (b) Fluorescence image of a sample of DTBP-
grown fibres on a SiOy substrate, using a 532nm laser as excitation

through the SNOM fibre and light detection in reflection mode.

This problem arises from the small dimensions and soft nature of the polymer fibre
and the use of shear forces to detect the distance between probe and sample.

To avoid the issue of material being displaced by the scanning probe during a
fluorescence scan, the instrument was operated in constant height mode (< 1pum
above substrate surface) for collection of emitted light. A 532 nm diode laser was
coupled into the optical fibre as the excitation source. This wavelength is close to the
absorption maximum of the NFs (A = 550 nm, compare Fig. 3.5), and therefore is ex-
pected to provide a nearly optimal PL intensity. A high pass filter (cutoff wavelength
~ 550nm) in front of the photodetector was used to avoid detection of scattered
excitation light and to ensure the detected signal results from the fluorescence of the
NFs. Figure 3.11 (b) shows an image of a sample of DTBP-grown NF's spin-cast on a
silicon substrate. While the whole image is relatively featureless, a clear signal could
be detected in the top left corner of the image. The dimensions, several micrometres
in size, suggest that it is one of the larger fibre bundles, as described in Figure 3.3,
that show up in the fluorescence image. Towards the edges of the bundle, the fluo-
rescence signal becomes weak. Although separated fibres are expected to be present
near the edges, their fluorescence cannot be detected. One of the main challenges for
the detection of smaller features is the low PL efficiency of the P3HT fibres of about

2-4%. An advanced setup for light-collection would be necessary to detect the weak
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fluorescence of individual fibres.

3.4. Conclusion

This chapter described the controlled formation of P3HT nanofibres using DTBP
as an additive to a solution of P3HT in chlorobenzene. Absorption spectroscopy
confirms that the NFs are formed in solution, where they are present along with a
fraction of dissolved polymer chains. Spin-cast from a dilute solution, the fibres can
be separated and deposited on a substrate. AFM images reveal the dimensions of the
NFs, which are of varying length up to several micrometres. The width of the fibres
is similar for all imaged NF's, about 50 nm, while the height can vary between < 2nm
up to &= 8nm, and it could be shown how the height corresponds to multiples of
~ 1.6 nm, the lamella stacking distance between individual polymer chains. Using the
model of weakly coupled H-aggregates to describe the shape of the absorption spectra
of the spin-cast films, it was shown how the average crystallinity of the film can be
controlled by the concentration of DTBP that is added to the solution. Alongside the
crystallinity, it is also shown how surface roughness and, most importantly, the film
retention increases with increased DTBP concentration. The increased crystallinity
and film retention will be further investigated in Chapter 5, where these NF films
will be employed in organic thin-film transistors and photovoltaic cells.

With a view to such applications it is important to note that optical absorption
and XPS spectroscopy on the fibre films show that the use of DTBP does not result in
measurable oxidation effects if kept at room temperature. Although minor oxidation
effects and a partial cross-linking cannot be completely ruled out, the main underlying
process for the fibre formation appears to be a self-assembly process driven by the
change in solvent polarity with the addition of DTBP.

It could be demonstrated how NFs in solution can be aligned in a magnetic field
of a strength of 2-4T. It is challenging, however, to transfer the aligned NFs on a
substrate, since solvent drying effects easily counteract the weak alignment forces.

Scanning near-field optical microscopy (SNOM) could be employed to image the
topography of separated NFs, although the fact that this technique uses shear forces
between the probe and the sample bears the risk that the NFs get displaced or
damaged. The fluorescence of larger fibre bundles upon excitation through the SNOM
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probe could be successfully detected. However, the low PL quantum efficiency of the
P3HT NFs of 2-4 % in combination with its small dimensions makes it challenging to

detect the emitted light from single NF's.
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4. Temperature-dependent
Photoluminescence of Polythiophene

Nanofibres

4.1. Introduction: Photoluminescence of P3HT Aggregates

This chapter will investigate the steady state photoluminescence (PL) of a range of
P3HT nanofibre (NF) samples in dependence of temperature. As will be shown in
the following sections, the behaviour of the fibre samples shows clear deviations from
the PL characteristics of P3HT thin-films. To understand better the differences, this
section will give an overview of the current knowledge regarding the description of
the PL lineshape of P3HT.

Compared to the large research effort that has been put into the understanding
and optimisation of P3HT as a donor material in organic solar cells as well as charge
transport properties in thin-film transistors, much less work has been done on the
basic understanding of the photophysics of it. However, a good description of steady
state absorption and emission behaviour could be developed, mainly driven by the
theoretical work of F. Spano, H. Yamagata and coworkers, [40-42, 105-108] as well
as experimental results from C. Silva and J. Clark. [44, 45, 109]

As introduced in Section 2.3, the optical response of polymer aggregates can in
general be described by considering coulombic interactions of transition dipoles that
can couple in either a side-by-side orientation, as is the case for H-aggregates, or
aligned along one dimension, called J-aggregates (compare Fig. 2.6). For thin-films
of P3HT, it has been found that both optical absorption as well as the photolumi-
nescence spectra can be well explained by weakly coupled H-aggregates. [44] This

is due to dense mw-stacking of the polymer chains with short distances between the
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interacting chromophores of ~ 3.8 A, giving rise to excitonic coupling across the poly-
mer chains. Dipole coupling along the polymer backbone is probably disrupted by
torsional disorder because of the interacting hexyl side chains, which suppresses J-
aggregate behaviour. The strength of the coupling and hence the size of the exciton
bandwith W was found to be dependent on the nanomorphology of the P3HT film.
[44, 45] This important result could be successfully applied in the previous chapter
to determine the average crystallinity of nanofibre films (see Sec. 3.3.3).

However, recent studies have shown significant deviations from this model. In par-
ticular, investigations on isolated NFs of P3HT showed altered absorption and PL
characteristics compared to that of a P3HT film. [25, 93, 110-112] Furthermore,
a clear difference in the photophysics of P3HT films is seen in dependence of the
molecular weight, with high molecular weight PSHT showing a behaviour that can-
not be fully described by the model of weakly coupled H-aggregates [109]. Instead,
it appears to be the case that the optical response of P3HT aggregates requires a
more general description where both interchain and intrachain coupling is taken into
account. [106, 108, 109]

The following sections give an overview of the different PL characteristics of H- and
J-aggregates and how this model can be applied to P3HT, continuing the explanations
in Section 2.3. Besides describing ideal aggregates, this also includes the effect of
disorder and temperature. With regard to more recent findings, Section 4.1.3 gives

an introduction to the concept of the HJ-aggregate model.

4.1.1. Photoluminescence in H- and J-Aggregates

According to Kasha’s rule, vibrational relaxation to the lowest excited state takes
place on a much shorter time scale than the lifetime of an exciton, photon emission
will therefore have to take place from the lowest energy excited state. In ideal H-
aggregates consisting of rigid molecules, the optical transition from the band bottom
of the lowest excited state is optically forbidden, hence these aggregates do not show
any fluorescence.

For the more relevant case of aggregates made of non-rigid molecules, it is just
the 0-0 transition that is forbidden. Transitions to higher-lying vibronic levels are

allowed to take place as illustrated in Figure 2.7.
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The radiative decay rate for H-aggregates is decreased, due to the suppressed 0-0
transition as well as a decrease in side-band intensity with increasing bandwidth W'.
It is therefore the 0-1 transition that increasingly dominates the emission spectrum.

For J-aggregates, both the absorbing state (kK = 0) and the emitting state are
located at the band bottom, which leads to a negligible Stokes shift in this case.
Furthermore, absorbing and emitting state red-shift with increasing W. The radiative
decay rate of the 0-0 emission is enhanced by the coherence number N, which is the
number of chromophores over which the wave function is spread. This enhancement
by a factor which equals the number of coherently coupled chromophores leads to
superradiance of J-aggregates at low temperature. In contrast to the 0-0 emission,
the 0-1 side-band emission is not influenced by an increase in N, (in either H- or
J-aggregates). The emission intensity ratio of the 0-0 to 0-1 emission can therefore be
used as a direct measure of the exciton coherence length. In fact, the line intensity
ratio IIODZO / 110321 increases linearly with N, which is true for all aggregates with
allowed 0-0 transition.

For P3HT, it has been found that the shape of the low temperature PL spectrum
can in general be explained using a modified Franck-Condon model, [44]

Ipp(w) o (ﬁxvu)gng’ce*)‘2 X | ol (hw — Ey) + Z AQ—mF(hw — (Ey — mhwy)) |

m=1,2,.. .

(4.1)
which describes a vibronic progression of emission peaks with an energetic distance
of hwg ~ 0.17eV and decoupled 0-0 emission peak with relative intensity a. ny is the
refractive index of the film (which, for P3HT is ~ 2 and strictly speaking a function
of w), [99] T' a Gaussian function that represents the inhomogeneously broadened
line-shape of the vibronic replica in the progression, Fg the energy of the origin of

the progression, and A is the Huang-Rhys parameter.

4.1.2. Static Disorder and Thermal Effects:

In H-aggregates, static disorder breaks the symmetry of the dipole coupling and
therefore allows emission to the vibrationless ground state, which is strictly forbidden
in perfect H-aggregates. Hence, increasing disorder increases the intensity of the 0-0

emission peak. Although sideband intensities increase as well this happens at a slower

63



4. Temperature-dependent Photoluminescence of Polythiophene Nanofibres

rate, which means that IE,EO /I?;El increases with disorder. For the case of weakly

coupled H-aggregates, Spano derived an equation that describes the dependence of
the 0-0 and 0-1 emission peak ratio by

(1-8)0o

7(1 SR (4.2)

Rem = Ipp [ Ipp o

where o is a disorder parameter, i.e. the width of the Gaussian distribution of site
energies, and [ a spatial correlation parameter which ranges from 0 (chain disorder
is greatest) to 1 (corresponding to maximum N,.). [40] It can be seen that the
intensity ratio is largest for a given o if disorder is at its maximum, i.e. if 5 = 0.
It also includes the dependence on W, describing how a decrease in W increases the
intensity ratio as discussed above.

In J-aggregates, the opposite behaviour is observed. Here, the 0-0 intensity de-
creases strongly (while sideband intensities decrease slightly) as N, is decreased,
resulting in decreasing Re,, with increasing disorder.

Increasing temperature leads to the thermal activation of vibronic states above
the band bottom. In the case of H-aggregates, this gives rise to the population of
the k£ = 0 state at the top of the band, leading to an increased intensity of the 0-0
emission. The opposite is true for J-aggregates. Here, the thermally excited states
with k& # 0 cannot emit to the vibrationless ground state, leading to reduced 0-0 line
intensity. Importantly, the general trend of R.,, with increasing temperature is the
same for disordered aggregates and disorder free aggregates. In both cases it can be
calculated that the PL ratio decreases with 1/ VT as the temperature is increased.
43]

4.1.3. The HJ-Aggregate Model

In recent years, a more general model to describe the photophysics of polymer aggre-
gates has been developed, called the HJ-aggregate model. [106] The main motivation
for the development of this model was that the H-aggregate model, although success-
ful in describing the PL behaviour of films prepared with low and medium molecular
weight P3HT, especially if cast from low boiling point solvents, showed significant de-
viations from the measured spectra of films using PSHT with high molecular weight,

or if measured on individual, self-assembled nanofibres.
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Figure 4.1.: Hllustration of P3HT crystal structure (hexyl side chains are omitted for
clarity), showing how dipole-dipole interactions can take place along one
polymer chain (J-type), or across neighbouring polymer chains (H-type).
The strength of the coupling in each direction is expressed by the coupling

counstants Jintrq and Jipter, respectively.

In this model, coupling along one polymer chain is considered in the form of the
intrachain coupling constant J;,¢q, as well as coupling across the polymer chains in
the stack, expressed by Jinter- The photophysical response will be determined by a
competition of the coupling in these two dimensions. Dominant intrachain coupling
will result in a behaviour that can be explained by the J-aggregate model, while
dominant interchain coupling will show up in a H-aggregate-like characteristics.

Figure 4.1 illustrates the two types of coupling for the case of P3HT. Although the
distance between thiophene rings located on different polymer chains is larger than
between the rings along one chain (i.e. the m-stacking distance of 3.8A vs. a C-C
bond length of ~ 1.5 A), coupling of neighbouring chromophores along one chain is
usually suppressed by torsional disorder induced by the specific packing arrangement
of the alkyl side chains.

Yamagata and Spano find that increasing interchain coupling leads to a splitting
of the intrachain energy levels into two energy levels, depending on the orientation of
the coupled intrachain dipoles (symmetric or antisymmetric). Referring to the case of
the ideal dimer J-aggregate in Figure 2.6 (b), this means that the lowest energy state
E;_p will be split into a state E}“_ p at higher energy, and E;_, at lower energy.
The energetic distance, AE depends on the strength if the interchain coupling. As is
the case for H-aggregates, emission to the vibrationless ground state is only allowed

for the symmetric state. This leads to the fact, that the 0-0 emission in J-aggregates
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Figure 4.2.: Temperature dependence of the 0-0 to 0-1 intensity ratio as described by
the HJ-aggregate model in reference [106]. To demonstrate the strong
influence of the strength of intermolecular coupling, curves are plotted

for different values of J;nter using Equ. 4.3 with J;,4¢ = 40 meV.

with non-vanishing interchain interactions needs to be thermally activated.

At low temperatures, the photophysical behaviour will look similar to what is
predicted for an H-aggregate, i.e. a vanishing 0-0 intensity that slowly increases with
T. As soon as the temperature is high enough so that k7 =~ AFE, the symmetric
state Ej_ p gets populated and the emission changes to a J-like characteristic, where
Rep, decreases with increasing T'. The analytical expression for the PL intensity ratio

in dependence of Jinter and Jingq derived by Yamagata and Spano is

Ry = 100701 = L 2672 P el A E | ingral (4.3)
PL /*PL )\(2) 1 + e~ 2FJinter /KT kT

where F' is the Franck-Condon factor. [43, 106] To get an idea of what the behaviour

looks like for P3HT, Equation 4.3 can be plotted using the P3HT-optimised single-
chain parameters, ' = 0.34, )\(2) = 1.5, Jintra = 40meV. [106] The curves are shown
in Figure 4.2 for a range of values for Jinter. The case of Jjprer = 0 describes a
pure J-aggregate, where the PL spectrum at low temperature is dominated by the
0-0 transition, which decreases with temperature as 1/ VT. For non-zero interchain
coupling, the PL ratio then increases first and reaches its maximum at 7' > 0 K, before
it decreases similar to J-aggregates. The temperature Tp at which R.,, reaches its

maximum calculated from the above expression is

Tp ~ 2.6FJ¢mger/k‘b . (44)
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For values of Jjnter that are typical for P3HT films, the behaviour is similar to what
is predicted from the pure H-aggregate model. For Jiper = 25 meV (corresponding
to W = 4|Jinter| = 100meV, which is the value that was found for untreated films
in Chapter 3, compare Tab. 3.1.), the PL ratio is expected to increase steadily with
increasing temperature.

The following sections explore how measured PL spectra of P3HT NFs differ from
that of P3HT thin-films and how the above model helps to explain the differences by
relating the PL characteristics of the samples to changes in the strength of inter- and

intrachain coupling, caused by the different processing techniques.

4.2. Experimental

4.2.1. Materials and Sample Preparation

For the presented measurement in this chapter, the same batch of P3HT (M,, =
54,000-75,000 g/mol) that was described in the previous chapter (compare Sec. 3.2)
was used. All solvents were purchased from Sigma-Aldrich and used without further
purification.

Three different samples are compared in this study, a P3HT thin-film sample, and
two nanofibre samples, one prepared from p-xylene solution, and one from toluene

solution.

Thin-film Sample

For the thin-film sample, a solution of 10 mg/ml P3HT in chloroform was prepared
and heated to a temperature of 50 °C to make sure the material is well dissolved. It
was then spin-cast at 2000 rpm on a circular fused silica substrate (diameter 15 mm)

while still warm.

Nanofibre Samples

The xylene NF sample was prepared by dissolving 0.1 mg/ml P3HT in p-xylene and
heating the solution by placing it on a hot plate at 100°C until a bright orange
colour could be observed. It was then taken off the hotplate and cooled down to

room temperature relatively quickly (< 30 min).
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The toluene NF sample was prepared by dissolving 0.1 mg/ml P3HT in toluene,
and heating the solution to 100 °C in a water bath until a bright orange colour could
be observed. The water bath was then gradually cooled down to room temperature
over a period of ~ 2h.

Both solutions changed colour to dark purple during cool-down. They were left
at room temperature for ~ 1day, before the nanofibre fraction was separated from
non-aggregated material by two centrifugation steps. Fresh solvent was added after
the supernatant, i.e. solvent with remaining non-sedimented material was removed
to keep the overall concentration of solid content approximately constant.

Both samples were prepared by drop-casting the centrifuged solution on fused silica

substrates.

4.2.2. Measurement Setup

The temperature-dependent photoluminescence spectra were recorded using a closed
cycle optical cryostat (Optistat AC-V from Ozford Instruments) and a 532 nm colli-
mated diode laser (P = 4.5 mW) as excitation light source. The experimental setup is
illustrated in Figure 4.3 (a). The sample is placed in the vacuum chamber of the cryo-
stat (p ~ 1075 mbar) with four entrance windows. The sample holder is connected to
the cold head, which is cooled by a closed cycle system which is connected to an air
cooled compressor system (Cryomech PT403). Thermal contact of the sample with
the sample holder is secured by tightly pressing the sample against the sample holder
using a metal frame and four screws.

The excitation enters the vacuum chamber through one of the optical windows
and the laser spot of diameter of ~ 3mm covers part of the sample. The emitted
light is detected using a combination of an imaging spectrograph (Andor Shamrock
SR163i) and a low-noise CCD detector (Andor Newton®M). To avoid self-absorption
effects, the spectrometer is placed to detect light from front illumination. The angle
of the excitation beam is adjusted so that the reflected beam does not enter the
spectrometer.

The cryostat used is able to cool down to a measured temperature (of the sample
holder) of &~ 7K. The cool-down procedure takes about 120 min. The temperature

curve during cool-down is shown in Figure 4.3 (b). The sample holder can be heated
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Figure 4.3.: (a) Illustration of the experimental setup for temperature-dependend PL
measurements. (b) Sample temperature vs. time during cool-down from

room temperature.

at the same time as it is cooled, which allows a fine adjustment and stabilisation of
the temperature over a wide range.

The temperature-dependent spectra reported in this chapter were recorded during
warm-up of the sample, after it had been cooled down to the lowest temperature
possible. For temperature steps up to 100 K both the cooling system and the heater
were operated. For measurements at higher temperature, the cooling system was
switched off, and the temperature increased slowly by using the electrical heater and
temperature control. However, a comparison between spectra recorded during cool-
down of the cryostat and slow warm-up showed little deviation, indicating a good
thermal contact between the cryostat and the sample (spectra can be found in the

Appendix).
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4.3. Results

4.3.1. Comparison of P3HT Thin-Film and NFs

To study the different behaviour of the temperature dependence of film and nanofibres
in more detail, three different samples are compared in this study. For more details
about the preparation of the samples, see Section 4.2.1.

The first sample is a film of P3HT, spin-cast from chloroform, which acts as a
reference and is expected to show the behaviour that can be described by weakly
coupled H-aggregates, as discussed above. In the following, this sample is referred to
as “thin-film “

Two different processing methods were chosen for the NF samples. One sample
was prepared by cooling a warm solution of P3HT in p-xylene, while a second sample
was prepared by using toluene as a solvent and a slow cooling method using a water
bath. It was shown by J. Roehling et al. that using p-xylene as a solvent and a
rapid formation process results in a different nanomorphology of the fibres with less
perfect aggregates than if the NF's are grown by slowly cooling a solution in toluene.
[93] A third formation process, the fabrication of NFs by addition of DTBP to a
chlorobenzene solution that was described in Chapter 3, has also been investigated
within this study. The preparation method of using an additive results in a rapid
NF formation process, hence the morphology of these fibres is expected to be similar
to the NFs grown in xylene solution. To support this assumption, the PL spectra of
the DTBP sample can be found in the appendix of this thesis. It demonstrates that
the temperature behaviour is indeed similar to the xylene sample presented in this
chapter. To avoid unnecessary duplication of the results and for the sake of simplicity
of the argumentation, the data for the DTBP samples will not be presented in the
framework of the following section. Also, the use of methods using cooling in p-xylene
and toluene allows better comparability of the results, since these methods have been
employed by other groups as well.

It is important to note that all samples were prepared from the same material batch
of P3HT, to eliminate the influence of variations in molecular weight and to solely
focus on the different processing conditions.

As a first characterisation of the samples and to assess the different degree of

intermolecular order, the absorption at room temperature is studied.
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Figure 4.4.: Absorption spectra (measured at RT) of the P3HT thin-film and the two
NF samples. The values for W are calculated from the ratio of the two

lowest energy absorption peaks using Equation 3.4.

4.3.2. UV-vis Absorption

Figure 4.4 shows the absorption spectra of the three samples investigated in this
study. It can be seen that the spectral lineshape of the film sample differs from that
of the two NF samples. In particular, the 0-0 transition at ~ 2.0eV is much stronger
for the nanofibers than it is for the film. Note that according to Equation 3.4, the
ratio between the peak at ~ 2.0eV, the absorption strength of the 0-0 transition
I?;LO, and the peak at ~ 2.2eV, I%El, is related to the exciton bandwidth W, where
an increasing absorption peak ratio indicates a decreasing exciton bandwidth. From
the graphs in Figure 4.4, a value for W of 140meV can be calculated for the film
sample. This relatively large value indicates a high degree of disorder, which is also
confirmed by the fact that the maximum of the absorption for this sample lies at a
higher energy of ~ 2.4eV, a region where mainly uncoupled chromophores absorb.
For the fiber samples, a much smaller value for W is derived from the absorption
spectra, 35 meV and 30meV for the fast and slow-cooled fibers, respectively. These
values confirm the assumption that the slowly-grown toluene NFs show the highest
degree of molecular order, while the thin-film is significantly less ordered than both

fibre samples.
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Figure 4.5.: Low temperature (7K) PL spectrum of a film of P3HT. The peak fits are

Gaussian functions with an energy difference of hwy = 170 meV.

4.3.3. Low Temperature PL

To provide a reference for the following investigation into the PL characteristics of
P3HT NFs, the PL spectrum of a film of PSHT, spin-cast from chloroform was
measured. As mentioned in the introduction above, the photophysics of such films
can be well described using the H-aggregate model.

Figure 4.5 shows a measured PL spectrum of a film of P3HT, together with Gaus-
sian peak fits with a distance of iwg = 170 meV. The spectrum shows the expected
lineshape for weakly coupled H-aggregates and can be well described by a series of
Gaussian peaks as expressed in Equation 4.1.' The relative line intensity of the 0-0
transition can be determined to be o ~ 0.45, which indicates a significant degree of
disorder in the w-stack, in line with a relatively large W =~ 140 meV as determined
from the UV-vis absorption above. Further contributions to a non-vanishing 0-0 in-
tensity according to Equation 4.2 is a large distribution of site energies as well as
little spacial correlation, which might both be related to a largely disordered film
morphology. Due to the interdependence of the individual parameters, it is difficult
to determine the main contributing factor.

A different behaviour is revealed when looking at the NF samples. Figure 4.6

shows the measured PL spectra for a sample of NFs grown from toluene solution.

For the 0-0 transition, the constraint of equal linewidth for all peaks had to be relaxed in order to
make the fit converge, which resulted in a narrower linewidth for the 0-0 transition than for the

three peaks at lower energy.
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Figure 4.6.: Temperature dependent PL spectra of toluene NF's under constant excita-
tion intensity. The vertical line marks the position of the low temperature

0-0 transition at hw ~ 1.84eV.

The spectra are measured at varying temperature between 7K and 300 K. At low
temperatures, the spectrum looks similar to the one shown for the film (for a direct
comparison see further below, Fig. 4.9 (a)), but the shape of the spectrum changes
significantly with increasing temperature. Highlighted in Figure 4.6 is the spectrum
that was measured at a temperature of 125 K, which clearly shows a lineshape that
cannot be described by a single vibronic progression. With increasing temperature,
the intensity of the low temperature progression decreases, and a gradual shift to a
second progression at higher energy takes place. Interestingly, the position of the low
temperature 0-0 peak (at fiw ~ 1.84eV) seems to remain at the same position, while
the second progression peaks shift to higher energy.

The following section will directly compare the spectra of thin-film and NFs at

different temperature.

4.3.4. PL Temperature Evolution for Thin-Film and NFs

Figure 4.7 shows the PL spectra measured for the three samples with increasing
temperature, starting from ~ 7K up to 300 K.

Remarkably, there is a significant difference in the PL characteristics of the three
samples, which highlights the importance of processing conditions on the optical
properties of organic semiconductors. The spectra in Figure 4.7 (a) show an ex-

pected behaviour that was previously reported for P3HT films. [44] With increasing
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Figure 4.7.: Temperature evolution of the photoluminescence of the investigated sam-
ples. The spectra in colour are the spectra at 7 K, 175K and 300 K which

are shown in direct comparison in Figure 4.9.

temperature, it shows inhomogeneous line-broadening due to increasing disorder, a
slight blue-shift of the spectrum due to decreased conjugation length, and a small
increase of the intensity ratio of 0-0 to 0-1 transition. These characteristics indicate
a predominantly H-like interchain coupling.

A different behaviour is observed for the NF samples. Also in this case, the spectra
shift to higher energy with increasing temperature, but in contrast to the film sample,
the 0-0/0-1 does not increase continuously. Instead, the low temperature 0-0 transi-
tion loses intensity, while a higher energy peak develops with increasing temperature.
This is more pronounced for the xylene NF sample, but the trend for the toluene NF's
is the same, as might be clearer from the non-normalised spectra in Figure 4.6.

It is interesting to look closer at the extent of the blue-shift with increasing tem-
perature, and at the evolution of the 0-0 line intensity, which is initially, i.e. at low
temperature, at around 1.84eV.

Figure 4.8 (a) shows the position of the intensity maximum, which for all samples is
the energy of the the 0-1 transition, £°~!, in dependence of temperature, illustrating
the shift of the whole spectrum. It can be seen that both NF samples show a strong
blue-shift of around 100 meV when the temperature is raised from 7K to 300 K. The
shift for the thin-film sample is, with around 45 meV, much smaller. Also, the shift
does not take place continuously. Instead, for the NF's, starting from around 125K,

a fast shift takes place up to ~ 200 K, which is somewhat slowed down after this. For
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Figure 4.8.: (a) Energetic position E°~! of the PL maximum of the samples under
investigation and (b) the relative PL intensity at an energy of ~ 1.84¢eV,
the position of the 0-0 peak at 7K.

the film, almost no shift takes place up to 200 K, after which a continuous increase
of E9~! takes place up to 300 K.

An even more dramatic difference between thin-film and NFs can be seen in the
change of intensity of the transition at an energy of ~ 1.84eV. This is the energy
of the 0-0 peak at low temperature for all three samples. Figure 4.8 (b) shows the
relative intensity for a temperature from ~ 7K to ~ 225 K. For higher temperature,
this value starts to increase for all samples, which is due to line-broadening and
blue-shift of the 0-1 transition, and is therefore not plotted in the graph.

The intensity of the 0-0 transition is highest for the xylene NF sample, but the
evolution with increasing temperature is similar for both NF samples. In both cases,
the 0-0 intensity stays roughly at the same value until T" reaches about 150 K, from
where it drops sharply. The trend is different for the film sample. Here, starting from
around 100 K, the 0-0 intensity increases slightly.

Both graphs show how changes in the PL spectral shape, particularly for the fibre

samples, seem to happen in a discontinuous way, with a sudden transition taking
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Figure 4.9.: Direct comparison

of the PL spectra of the samples at different

temperature.

place at a particular temperature. The transition seems to take place between a
temperature of 125 K and 225 K. To have a closer look at the line shapes at this par-
ticular temperature, the spectra of all three samples at 175 K are shown in Figure 4.9,
together with the spectra at lowest (7K) and highest (300 K) temperature recorded
in this series.

In terms of position of the peaks, the spectra at 7K are almost identical. The
linewidth of the film sample is slightly increased, indicating a higher degree of dis-
order. Also, the decreased 0-0 line intensity compared to the fibre samples can be
explained by a larger W, according to Equation 4.2, which is also consistent with
what was concluded from the absorption spectra in Figure 4.4. A larger W indicates
a higher interchain coupling Jinter. Since I%zo is highest for the xylene NF's at low
temperature this possibly indicates lowest Ji,ter for this sample. Decreased static
disorder, which can be assumed to be case for both fibre samples, rather decreases
the relative 0-0 intensity. This might contribute to the fact that the toluene NF's
show a lower 0-0/0-1 intensity ratio.

More pronounced differences between the three samples can be seen when compar-
ing the spectra at 175 K. The spectra of both NF samples have shifted significantly
to higher energy. Also, it appears that these two spectra consist of more than one
vibronic progression. The 0-0 peak of the toluene NF sample (blue line) feature a

plateau-like shape, which seems to stem from a superposition of two emission peaks

(see also Fig. 4.6). Also the xylene NF sample shows this superposition of two peaks,
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which shows up as a shoulder at high energy. This shoulder perfectly matches the line
shape of the toluene NFs. In contrast, the film sample shows an increased linewidth,
but does not show a clear blue-shift of the spectrum.

At 300K, the spectra of the fibre samples are significantly blue-shifted compared
to those of the film sample. The toluene sample shows a higher 0 — 0/0 — 1 ratio
compared to the fast grown (xylene) sample. In both cases, the emission seems to
stem from just one vibronic progression, hence the transition that was apparent in

the 175 K spectra appears to be completed.

4.3.5. Integrated PL Intensity

In addition to the evolution of the intensity peak ratios, that are best compared using
normalised spectra, valuable information can also be gained from the temperature
dependence of the overall, i.e. spectrally integrated PL intensity. The non-normalised
NF spectra for the toluene PL sample were already presented in Figure 4.6 above.
Although the measurement setup used does not allow the determination of the PL
efficiency ®py, it is assumed that the angle dependence of the light emission does not
change with temperature and hence the PL signal is proportional to ®p;. In general,
®pr, describes the probability of a radiative deactivation, a process that takes place
in competition to non-radiative deactivation (compare Eq. 2.9). It can therefore be
written as y
s
S Y )
where k, is the radiative rate and Y, k%, is the sum of all non-radiative decay chan-
nels. A decrease in ®py, can be caused by either a decreased k, or increased non-
radiative rate. As discussed in Section 4.1.3, a temperature dependent change in the
radiative rate mainly affects the 0-0 transition, with a sharp decrease of IIODEO with
increasing temperature if J-like intrachain coupling dominates, and in contrast an
increase of I?;LO for dominant interchain coupling. However, from Figure 4.6 and Fig-
ure 4.7 it can be seen that the overall intensity decreases significantly for the whole
spectrum starting from a low temperature (< 100K), while the intensity ratio Rey,
is not affected.
It is therefore more likely that an increase in non-radiative rate is responsible for

the demise of the PL intensity. To look at this in more detail, the total PL intensity
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Figure 4.10.: Integrated PL intensity of a thin-film sample and a toluene NF sample
vs. temperature. The continuous lines are best fits of the data using

Equation 4.9.

of the NF spectra in Figure 4.6 was calculated by integrating the area under the curve
from Aw = 1.3eV to hw = 2.1eV. This data is shown in Figure 4.10, together with
the same data for the set of PL spectra for the thin-film sample that was discussed
above (Fig. 4.7 (a)). The datasets were normalised to the intensity at 300 K to allow
a better comparison.

At a first glance, the two curves seem to show a different behaviour. The film shows
a long plateau with little change when the temperature is increased, and starting from
T ~ 150 K decreases slightly. The total intensity at lowest temperature is increased
by a factor of about 1.6 compared to the intensity at 300 K.

For the NF's, ®p;, starts to decreases at a much lower temperature than the film
and the drop is much stronger, with a difference in intensity of a factor of about 4.

However, both curves can be explained by assuming a single, thermally activated
non-radiative channel. With one non-radiative process, Equation 4.5 reduces to

kr

=7 4.
Fr t For (4.6)

®pp,

A thermally activated process can be described in general by Arrhenius’ equation,
which has the form
k= Ae=ART (4.7)

where A is the activation energy and A a prefactor. [113] With this, Eqn. (4.6) can
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be written as
K,

dpy, = 4.
PL ™ ke + Ae=Bnr/keT (4.8)
or, assuming that k, is an unknown, but temperature-independent constant,
1
q)pL X (49)

1§ AleBur/RT -

This expression was used to fit the data in Figure 4.10. As the curves show, both
data sets can be described well with the same equation with a different value for A,,,..
For the NF sample, the best fit gives A, = 28.5meV, while for the film this value is
much higher, A, = 70meV.

This finding demonstrates how differences in the nanomorphology do not just have
an impact on the radiative rate and the shape of the PL spectra, but also significantly
impact the non-radiative rate. Even more so, compared to changes in the radiative
rate, non-radiative processes dominate the photophysical response of P3HT systems.

However, the data shows that the non-radiative rate increases much more strongly
in the nanofibre system. This is most likely due to increased order inside the nanofi-
bres, which allow the exciton to diffuse over longer distances and efficiently find
non-radiative decay centres. It is also important to note that the description of one
non-radiative process is a simplification and probably other decay processes play a

role as well.

4.4. Discussion

The presented data shows that there are significant differences in the temperature
evolution of P3HT PL spectra, depending on whether the film was spun from chlo-
roform or if it consists of nanofibres.

At low temperatures, the PL lineshape is similar for the film and the fibre samples.
All samples show the same peak position, with differences just in R, and in the
width of the peaks.

For thin-films of P3HT, the emission behaviour has been shown to be dominated by
H-like interchain interaction of the transition dipoles, as a result of dense m-stacking
of the polymer backbones and high torsional disorder. R.,, is a very sensitive probe
for structural conformation in the aggregate and is strongly influenced by disorder

and by the exciton bandwidth, as described by Equation 4.2.
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At the lowest temperature, the NF samples show very similar characteristics to the
film, with the transition peaks at the same position and main differences just in the
relative intensity of the 0-0 transition. Although disorder is expected to be lower for
the NF samples (which would lead to a decreased Re,,), as can be concluded from the
narrower linewidth, a smaller exciton bandwidth W for these samples was extracted
from the absorption spectra above. This corresponds to a weaker interchain coupling
Jinter, which might be the reason why the NF samples exhibit a higher R.,, than the
thin-film at low temperature.

With increasing temperature, the film continues to behave as predicted by the H-
aggregate model, while for the NF samples a second progression at higher energy
shows up starting at around 125 K. Since this progression is absent in the thin-film
sample, it can be assumed that it is related to the highly ordered part in the core of the
NFs. With increasing temperature, this progression becomes more dominating and
shows a strong blue-shift. This blue-shift can be attributed to a decreased coherence
length of the exciton, resulting from a shift away from interchain coupling, to a more
intrachain dominated coupling.

In films of P3HT, strong interchain coupling results in the exciton wavefunction
being spread along two dimensions, along the polymer backbone and across several
polymer chains. However, exciton coherence along one chain is limited by torsional
disorder. C. Silva et al. found that for low molecular weight P3HT, the exciton
coherence length across neighbouring molecules is ~ 10 A, which corresponds to about
2.5 polymer chains, and the coherence length along the chain ~ 13 A, which equals
around 3 thiophene units. [109] For films of high molecular weight P3HT, which
features higher molecular order, the intermolecular spatial coherence is decreased to
~ 7.5 A, while the coherence along the chain increases to ~ 18 A.

Responsible for the anisotropic coherence along these two dimensions is a different
morphology, from closely packed polymer chains with a high degree of static disorder
along one polymer chain, and semicrystalline domains of high molecular weight poly-
mer chains, which show a higher planarity along the polymer backbone. This effect
is illustrated in Figure 4.11.

A similar cause is expected for the differences between the films and the NF sam-
ples investigated in this study. At low temperature, the PL characteristics are very

similar for all samples. It is with increasing temperature, that the fibre samples allow
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Figure 4.11.: Illustration of the differences in the two-dimensional spatial exciton co-

herence between P3HT films and nanofibres. The red areas mark the ap-
proximate size and shape of the coherence areas for excitons that are pre-
dominantly intermolecular (circular) or intramolecular (elongated along

one chain) in character.

emission from a species that does not show up in the film sample. It is likely that the
change in the PL spectrum is the result of morphological changes in the fibre sample.

Recently, Martin et. al reported indication of a structural phase transition in
isolated nanofibres. [112] In the temperature dependent PL spectrum, they detect
an abrupt change of the PL ratio R, as well as a shift of the position of the 0-0
peak at ~ 110 — 130 K. The proposed explanation for this phenomenon is that upon
increased pressure due to low temperature, the PSHT crystalline structure undergoes
a rearrangement of the alkyl side chains which causes more torsional disorder and
disrupts the intrachain character. The authors speculate that P3HT might change
its packing to a Type II configuration, where hexyl side chains are interdigitated, in
contrast to the thermally stable Type I configuration (compare Sec. 2.4).

The explanation of a temperature dependent re-packing of the P3HT lamella struc-
ture is well supported by the data presented in this work. Although the transition is
less abrupt and seems to take place gradually between ~ 125—225 K, the temperature
range is similar to the one reported by Martin et al.. The reason for the more spread
out transition is that the NF samples in this work are a mixture of NF's of different
size and shape, and although separated by centrifugation, still feature a significant
fraction of material that is not incorporated in fibres, but present in the form of
smaller aggregates. The exact nature of the transition, and whether a rearrangement

to a Type II configuration takes place, remains unclear at this point. Due to the
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great sensitivity of the transition dipole coupling to packing distance and disorder, it
is also possible that much smaller changes in these parameters causes the different PL
behaviour. It is however likely that side-chain interactions along the lamella stacking
direction play the crucial role in this process. It is necessary to further investigate
possible changes in the lamella stacking or in the m-stacking distances by temperature
dependent X-ray studies to be able to determine actual repacking processes.

In contrast to the abrupt change in the PL characteristics reported by Martin
et al,, the gradual transition measured in this work allows the clear observation
of coexistence of both phases at ~ 150K. The observation of multiple vibronic
progressions in isolated P3HT NFs has been reported before by Baghgar et al., even
when measured at room temperature. [111, 114, 115]. In this study, the authors
describe the shape of the measured PL spectra with up to 3 vibronic progressions
with different inter- and intrachain character. [111] Similar to previous studies on
P3HT films, Baghgar et al. observe a strong influence of the molecular weight on
whether the PL characteristics are dominated by interchain or by intrachain coupling.
They attribute this observation to polymer chain folding within the lamella stack,
which gives rise to higher chain planarity and hence increased intrachain coupling.
The determination of the chain folding threshold for a given polymer is not trivial,
and depends on the solvent system, solution preparation, coating conditions and
substrate interactions. [116] However, in the presented case where a high molecular
weight P3HT (M, ~ 54 — 75 kg/mol) was used, and a slow fibre formation process
employed (in the case of toluene), it is likely that chain folding plays an important
role, leading to high intramolecular order for fibres formed from the high molecular
weight fraction. The low molecular weight fraction is not expected to take part in
the fibre formation process and is instead being removed by the centrifugation step.

The presence of two dominant vibronic progressions at around 150 K indicates that
two types of emitting species are present alongside in the NFs, one with dominant
interchain character (circular area in Fig. 4.11) and one with dominant intrachain
character. This indicates that the fibre morphology is not ”perfect” in the sense that
all parts show the high planarity that is necessary for J-like behaviour. Instead, less
ordered parts and grain boundaries are expected to be present which will show a
behaviour that is more similar to the film sample. Especially at lower temperature,

when non-radiative decay is suppressed and the excitons can diffuse over longer dis-
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tances, emission from the energetically lower lying H-type aggregates will be more

dominant.
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Nanofibres in Optoelectronic Devices

5.1. Organic Thin-Film Transistors

Due to its solution-processability and semicrystalline structure, P3HT is well-suited
as semiconducting material in organic thin-film transistors (OTFTs) and hence, sig-
nificant research efforts were focused on increasing the field-effect mobility of this ma-
terial. To increase the crystallinity as well as to gain control over the alignment of the
crystalline domains, different film-forming methods and surface treatment effects were
investigated. With this knowledge, field-effect mobilities as high as 0.1-0.3 cm?/Vs
could be demonstrated. [15, 117-122]

Although this is still significantly lower than mobilities for other polymer sys-
tems such as DPP- or DNTT-based compounds which reach field-effect mobilities of
> 1cm?/Vs, [123, 124] or pentacene OTFTs with mobilities of ~ 3cm?/Vs, [125, 126]
P3HT is a good model system to demonstrate the influence of nanoscale morphology
effects on charge transport properties.

The technique of using a nanofibre formation process in solution to control the
crystallinity of a P3HT thin-film was presented in Chapter 3, and the influence on
the photophysics of the film was investigated. In the following sections, the same
technique of using DTBP as an additive will be employed to study the effect on
the field-effect mobility of the nanofibre films are used as a semiconducting layer in

OTFTs.

5.1.1. Experimental

OTFTs offer the possibility to gain valuable information about the charge transport

in a polymer film. Most important, they allow the determination of a value for the
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Figure 5.1.: Illustration of an OTFT with bottom-gate structure. L indicates the
channel length.

field-effect mobility u. The basic structure of an OTFT is shown in Figure 5.1. This
consists of two ideally ohmic contacts as source and drain contact, separated by a dis-
tance L, defining the channel length. The polymer film in the channel forms the active
layer. As gate contact, a doped silicon substrate is often used, separated from the or-
ganic layer by the gate dielectric, silicon-dioxide (SiO2). Between the gate-dielectric
and the polymer layer, a self-assembled monolayer such as octadecyltrichlorosilane
(OTS) or hexamethyldisilazane (HMDS) is often incorporated. By decreasing the
surface free energy, the self-organisation of the polymer film near the interface to the
dielectric is modified, which can result in increased mobility. [127, 128]

Unlike silicon MOSFETS, organic TFTs usually do not operate in inversion mode,
but in accumulation mode. Positively charged carriers are accumulated in the semi-
conductor near the dielectric interface when a negative Vg is applied (p-channel
transistor), or negative charges are accumulated when a positive Vg is applied (n-
channel transistor). As shown in Figure 5.1, in organic TFTs, source and drain are
implemented by directly contacting the intrinsic semiconductor with a metal. De-
pending on the choice of the materials for the semiconductor and the contacts, the
charge transfer of one carrier type is usually more efficient than that of the other,
and this determines whether the device operates as a p-channel or as an n-channel
TFT.

Figure 5.2 shows a typical output characteristic of an OTFT. Plotted is the current
between source and drain contact, Ipg, in dependence of the source-drain voltage,
Vps, for varying source-gate voltage, Vgg.

A field-effect transistor operates as a voltage-controlled current source. By applying

Ves across the gate dielectric, a sheet of mobile charge carriers is induced in the

85



5. Application of Polythiophene Nanofibres in Optoelectronic Devices

0.0

F oV
-5.0x10° 20V .
< [ VGS ]
_8 -1.0X10-5 N “40 V 7
15x10° F .
; -60 V ]
—2.0X10-5-_....|....|...|....|....|....|....|---_-

-80 -70 -60 -50 -40 -30 -20 -10 0
VIV

Figure 5.2.: Typical current-voltage characteristics of an organic field-effect transistor

for various gate voltages.

semiconductor that allows the current Ipg to flow through the semiconductor when
Vps is applied.

Because the charge-carrier density in the semiconductor is a function of the gate-
voltage, the drain-current can be modulated by adjusting Vizg. This modulation is
quantitatively described by the most fundamental field-effect transistor parameter,

the transconductance gy,
- dlps

Im = Wes

(5.1)

Vpg=const.

Despite the fact that the transport physics in organic TFTs is different from that in
silicon MOSFETSs, the current-voltage characteristics can to first order be described
with the same formalism, resulting in

n Z V2
g = T HCi ((VGS —Vin) Vbs — 35) (5.2)

for |Vas — Vin| > |Vps| (the linear regime), and
Sa Z
IE)St) = ﬁﬂci (Vas — Vin)? (5.3)

for |Vps| > |Vas — Vin| (the saturation regime). [35, 129] Z is the channel width and
C; the insulator capacitance (per unit area).

For silicon MOSFETS, the threshold voltage V4, is defined as the minimum gate-
source voltage required to induce strong inversion. Organic TFTs do not operate in
inversion mode, but the threshold voltage concept is nonetheless useful for organic

TFTs, since Vyy, is the minimum gate-source voltage required to obtain appreciable
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drain current, and because the threshold voltage marks the transition between the
different regions of operation. [35, 129]

Equation 5.3 allows the determination of i as well as Vy, from the transfer charac-
teristics of OTFT-devices by linearly fitting the first derivative or, alternatively, the

square root of Ips(Vias).

Sample Preparation

The TFT substrates used in this work were purchased from Fraunhofer-Institut Pho-
tonische Mikrosysteme (IPMS), Dresden, Germany. The gate substrate is made of
150 nm thick n-doped silicon (doping at wafer surface: n =~ 3 - 107 em™3), with
230+£10nm SiO2 as dielectric and with interdigitated ITO (10nm)/Au (30 nm) source
and drain contacts (channel length, L = 20 ym and channel width, Z = 10 mm). The
substrates were treated with oxygen plasma to increase the Au workfunction. A hex-
amethyldisilazane (HMDS) layer was spin-coated on the samples, annealed at 100 °C
for 1h and spin-washed with isopropyl alcohol.

The P3HT solution and P3HT nanofibre solution was prepared using the same
method and the same batch of material that was used for the experiments described
in Chapter 3 (P3HT M,, = 54,000-75,000 g/mol, compare Sec. 3.2). DTBP, and all
solvents were purchased from Sigma-Aldrich and used without further purification.

The films were deposited by spin-casting the solution at 1000 rpm inside a nitrogen-

filled glove box.

Sample Characterisation

The transfer characteristics of the samples were measured using a Karl Suss PMb
probe station and an HP4145 parameter analyser, which was connected to low-noise
guarded probes for the source- and drain-contacts and to the probe chuck for the
gate connection. For these measurements, the drain-current (Ipg) was measured
sweeping the gate voltage (Vgg) from 20V to -60 V with a 1V step and keeping the
drain voltage (Vpg) constant at -80V. Electrical characterisation of the TFTs was

carried out inside a nitrogen-filled glove box.
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Figure 5.3.: (a) Transfer characteristics of thin-film transistors using P3HT films spin-
cast from solutions with different amount of DTBP (measured in satu-
ration regime, Vgp = —80V). (b) The first derivative of the transfer

characteristics.

5.1.2. Results and Discussion

To investigate the influence of the addition of DTBP to a solution of P3HT on the
charge transport properties, a set of thin-film transistors (TFTs) was prepared. The
samples use films cast from solutions with different concentration of DTBP, cprgp, up
to 20vol%. Figure 5.3 (a) shows the transfer characteristics of the devices, measured
in saturation regime (Vpgs = - 80 V, comp. Fig. 5.2). It can be seen that the drain-
source current Ipg for the devices with cprpp = 0vol% and 3vol% are very similar.
The current starts to increase for higher DTBP concentration of (cprpp > 9 vol%).
Also, all devices show a high on-off ratio of at least 10°, although it can be seen that
the off-current (Ips at Vgs = 20V) is increased for the 14 vol% and 20vol% case.
The first derivative of Equation 5.3 reads
o1ty gz

- = 7 7 - ) 4
s T HC (Vas — Vi) (5.4)

which describes a linear dependence of Ipg on Vgg, with the prefactor defining the
slope of the curve. Therefore, with the knowledge of the substrate-specific parameters
Z, L, and C}, a value for pu can be determined from a linear fit of the experimental
values for 0Ipg/0Vgs. Figure 5.3 (b) shows the curves for the samples under inves-

tigation. All devices show a good linearity which allows a reliable extraction of the
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Figure 5.4.: Gate-voltage dependence of p for different DTBP concentrations, calcu-
lated from the second derivative of the transfer characteristics as shown

in Figure 5.3.

field-effect mobility. The individual values for p for the different devices are discussed
further below.

The second derivative of Equation 5.3 is the product of the constant ratio of the
geometry parameters (Z/L) and the mobility pu. Using the second derivative of the
experimental data therefore allows us to calculate the field-dependent mobility, shown
in Figure 5.4. Following the curves from positive to negative Vg, it can be seen that
for a high DTBP concentration of 14 vol% and 20 vol% the mobility increases sharply
at around +18 V and leads into a flat plateau, ranging from 0V to -60 V. For pristine
P3HT and a low cprpp of 3vol%, the onset occurs at around +10V, and the following
plateau is tilted. The 9vol% case shows a somehow intermediate behaviour, with an
onset at ~ 10V and a mainly flat plateau.

A mobility that is independent of the gate voltage has been correlated to high
structural order, as seen when comparing films spun from solvents with different
boiling points. [47] An increasing mobility with increasing gate voltage indicates a
wide distribution of localised states below the mobility edge of trap states, which get
filled with increasing carrier concentration. J. Clark et al. could show that a higher
crystallinity results in a narrower trap distribution, hence the weaker dependence on
the gate voltage. [45]

As described in Chapter 3, a good measure for the structural order within the film

is the peak ratio Igb_so / Igl;sl = Rups, extracted from the absorption spectra of the thin-
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Figure 5.5.: Field-effect mobility u, obtained from a linear fit of the curves in Fig-
ure 5.3, together with the absorption peak ratio R,;s for the same cprpp

as listed in Table 3.1.

films. To explore the correlation between molecular order and field-effect mobility,
the values for u, calculated from a linear fit of the data shown in Figure 5.3 (b), are
compared to values for Ryps that were determined in Section 3.3.3 (comp. Tab. 3.1).
The data is shown in Figure 5.5.

It can be seen that the values for cprgp = 0vol% and cprpp = 3vol% are almost
identical, 2.2 x 1073 cm?/Vs and 1.9 x 1073 ¢cm?/Vs, respectively. For higher cprpp,
u starts to increase and reaches a value of 10 x 1073 sz/Vs for cprep = 20 vol%,
a five-fold increase compared to the case of pure P3HT.

This increase in mobility can be attributed to the altered film morphology associ-
ated with the fibre formation discussed in Section 3.3.3. It is known that a significant
amount of polymer chains in an edge-on orientation can lead to high field-effect mo-
bility. [46] As shown by XRD data in Chapter 3, the polymer chains are highly
ordered in m-stacks along the fibre axis, which, when laid out flat on the surface, puts
these polymer chains in an edge-on orientation.

The correlation between crystalline quality and mobility can be seen when looking
at the trend of Ry in Figure 5.5. Ry, increases significantly from 0vol% up to
9vol%, but a further increase of the DTBP concentration changes this value only
marginally. This suggests that the average of crystallinity of the film cannot be
increased further for concentrations greater than 9vol%. It is surprising, however,

that the mobility keeps increasing beyond the 9vol% concentration of DTBP.
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Figure 5.6.: (a) AFM image of DTBP fibres spin-cast on a SiOgy surface, showing
the formation of large fibre bundles. (b) Compared with the channel
length L = 20 pm of the transistor samples used, these fibre bundles are

expected to significantly contribute to the charge transport.

In fact, besides the increased order on a molecular level, a second effect is expected
to play an important role that has a significant impact on the measured field-effect
mobility. As already mentioned in Section 3.3.2, nanofibres, if not in a dilute solution,
tend to form bigger, micrometre sized fibre bundles. Figure 5.6 shows an AFM image
of a 50 x 50pm? area of fibres deposited on a SiOs surface. Fibre bundles of different
size, with diameter of > 10 um are apparent. Considering a typical fiber length of
about 2 um, as shown in the AFM images in Chapter 3, and a channel length L of
20 pm, it is clear that the charge transport cannot occur along just a single fibre,
but will have to pass fibre junctions. These junctions can be of different type, either
overlaps, contacts, or bifurcations, and it has been shown that the measured mobility
obtained by field-effect transistor measurements is determined by a complex interplay
between the size of the individual networks and the amount and type of junctions.
[130, 131] A way to estimate the maximum size of the networks in this study is by
looking at the surface topography measurements shown in Chapter 3 (Fig. 3.5). From
this data, it is found that the bundles can be as large as ~ 25 um, i.e. a similar size
as the length L of the transistor channel. Therefore, the interconnectivity of the
fibres in form of fibre networks plays an important role for the performance of the
thin-film transistor, which is illustrated in a cartoon in Figure 5.6. Considering the

increasing surface roughness with increasing cprpp and the saturation behaviour of
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the crystallinity, it can be concluded that the increase in mobility at concentrations
cprpp > 9vol% is most likely due to the formation of larger fibre networks. These
networks are shown to be beneficial for the charge transport over relatively large dis-
tances of several micrometers, consistent with an extensive study of charge transport

in P3HT fibre networks by Newbloom et al. [130]

5.1.3. Conclusion

The experiments show how the method of adding DTBP to a solution of PSHT in
chlorobenzene can be used to control the OTFT transfer characteristics. An increas-
ing concentration of DTBP increases the mobility of the P3HT film, starting from
cprp = 3% up to 20 % roughly linearly. This increase can be partially explained by
an increased structural order, which enhances charge transport across polymer chains
by dense m-stacking of the polymer backbones over long distances. However, the mo-
bility can be increased further even though the order on a molecular length scale stays
constant. This increase can is due to the formation fibre networks, which improve
charge transport between the fibres. Newbloom et al. have found that in transistors
that use P3HT fibre networks as active material, the performance depends on network
size, density of the bundles, and the type and shape of the nanofibres (which depends
on the formation method and solvent used). [130] In the presented case of DTBP
fibres, the main influencing factor is found to be the size and density of the fibre
networks, which increases with cprpp as can be inferred from the surface roughness
measurements presented in Chaper 3.

Although the maximum mobility measured for cprpp = 20% of u = 1 x 1072
cm?/Vs is still significantly lower than the highest reported values for PSHT based
transistors (1 ~ 1 x 107! em?/Vs reported in [122]), with the developed method a
more than five-fold increase in the mobility compared to the untreated P3HT films
can be achieved. Most importantly, the transistor performance is controlled by the
solution preparation, and does not depend on particular film-casting methods or
post-deposition treatments. It is expected that by further optimisation of the fibre
solution like solid content and DTBP concentration a further increase in mobility can

be achieved.
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5.2. Organic Solar Cells

Although in principle an infinite number of polymers and small molecules can em-
ployed in organic solar cells, the by far most commonly used and most intensively
investigated system is a heterojunction of P3HT and a soluble fullerene compound,
usually phenyl-C61-butyric-acid-methyl (PCBM). This is mainly due to the good sol-
ubility of both materials, which leads to ease of fabrication, good stability, and the
fact that both materials are widely available. [5, 17, 132] Figure 5.7 shows the chem-

ical structure and energy levels of both materials. ' It can be seen that the energy

-3.2eV

P3HT

-5.1eV

-6.0e

Figure 5.7.: Chemical structures of P3HT and PCBM and the position of HOMO
and LUMO of both materials, showing the suitability to form a bulk
heterojunction. [133]

offsets of HOMO and LUMO levels are well suited to form a heterojunction for ef-
ficient exciton separation as discussed in Chapter 2. According to Equation 2.22, a
Voc of 0.6 V should be expected, which is indeed similar to the values which are typi-
cally achieved experimentally. Although in the most general view, V¢ is determined
by the location of the energy levels of donor and acceptor, it has been found that also
the nanomorphology of the active layer has a major impact on Vpoc. [134] Besides
the Voo, also other performance parameters are largely affected by morphological
changes. This is mainly the case because the morphology of the active layer defines
how efficiently excitons are dissociated into electrons and holes, and how well charge

carriers get transported and extracted by the electrodes. Many factors are known to

'HOMO and LUMO values reported in literature vary to some extent, depending on the technique

used and experimental details. Typical values are chosen here, taken from Ref. [133].
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have a great impact on the nanomorphology of a PSBHT:PCBM heterojunction, such
as the casting solvent, the donor-acceptor ratio, the molecular weight, the solution
concentration and deposition method. [135-139] Another method to influence the
morphology of the active layer is a thermal annealing, which has been shown to be
the most effective way to achieve an optimal morphology for the PSHT:PCBM system,
resulting in efficiencies of 4.5 % - 6 %. [140, 141] Although a single, primary cause for
the increase in efficiency upon thermal treatment has not been conclusively identified,
several factors have been shown to play a significant role, such as a change of the
domain size of donor and acceptor phase, increased crystallinity of P3HT and PCBM,
leading to increased charge carrier mobility, and migration of one or both materials
to the electrodes which leads to improved charge extraction. [49, 50, 118, 142-144]

One approach to address the complex issue of morphology control in PSHT:PCBM
heterojunctions is the use of P3HT nanofibres. This method allows to more effi-
ciently control the crystallinity of the P3HT phase, as well as partly controlling the
intermixing behaviour of the two materials. PSHT nanofibres were successfully em-
ployed in solar cells as one way to control the morphology of the active layer when
blended in solution with PCBM. [24, 89, 91, 92, 145, 146] Although in the reported
cases, little or no increase in efficiency compared to devices with thermal treatment
could be achieved, these studies could show that it is possible to obtain an optimal
nanomorhphology without an annealing step.

In the following sections, a different approach to incorporate P3HT nanofibres
in organic solar cells is presented. The idea is to use the property of the films to
become insoluble with sufficient concentration of DTBP to deposit donor and acceptor
material successively, and thereby gain better control over the morphology of the
active layer. This approach also has the advantage that the donor layer, once it is
insolubilsed, can be patterned, and it allows more flexibility in the materials and
solvents that can be used as an electron acceptor. Insolubilisation is furthermore of
importance if more than two active materials are used in a solar cell stack, e.g. in
tandem cells or potentially in ternary systems, [147-149] or to investigate interface

effects by placing a third material between donor and acceptor layer. [150]
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5.2.1. Experimental
Sample Preparation

P3HT nanofibre solution was prepared using the same method and the same batch
of material that was used for the experiments described in Chapter 3 (P3HT M,
= 54,000-75,000 g/mol, compare Sec. 3.2). The used glass substrates have a size
of 1 x 1ecm? and were coated with patterned indium tin oxide of 150 nm thickness.
They were cleaned in an ultrasonic bath using acetone and isopropyl alcohol and
subsequently treated by oxygen plasma for 10 min. PEDOT:PSS (Sigma Aldrich,
conductive grade, PEDOT content 0.5wt. %, PSS content 0.8 %) was applied by
spin-coating in ambient conditions. The active materials were spin-coated inside
a nitrogen-filled glove box. Contact deposition was performed in a high vacuum
evaporation chamber (p ~ 10~%mbar), using a shadow mask to obtain three pixels

per substrate each with an active area (overlap with ITO bottom contact) of 14 mm?.

Sample Characterisation

Current - Voltage Characteristics The response of photovoltaic devices under pres-
ence and absence of illumination was measured using a source-measure-unit (SMU,
Keithley 2400), connected to a computer for data collection and analysis. The illu-
mination was obtained with a class AAA solar simulator (ABET Technologies, model
Sun 3000 11016A). The sample itself was kept in a cylinder which can be loaded
in the glove box and which is evacuated to rough vacuum (p ~ 10 mbar) during

measurement to avoid oxidation of the sample.

External quantum efficiency

The EQE was determined by measuring the short-circuit current, Igc, under illumi-

nation of light of a varying wavelength \ and then calculated using

1240 - Isc

EQE(N) = =5 (5.5)

where P;,()) is the incident power density (in W/m?).
The setup to determine the EQE uses a xenon arc lamp as light source, shining
light through a monochromator and a beam splitter onto the sample. The beam

splitter directs part of the light to a photodiode to record the light intensity Pj,.
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Figure 5.8.: (a) Device architecture of a solar cell that uses a film of P3HT NFs as

absorber layer and a subsequently deposited film of PCBM as electron

acceptor. The thickness of the PSHT NF layer is varied by different spin

speed for film deposition. (b) The effect of different P3HT NF layer

thickness on the J — V' characteristics of the device, measured in dark

conditions (dashed lines) and under 1 sun illumination (straight lines).

The sample is mounted inside a metal cylinder which is evacuated to rough vacuum
during measurement. The short-circuit current is measured using a Keithley 6517A

source-metre.

5.2.2. Results and Discussion

The basic architecture of the device that is investigated in this section is shown in
Figure 5.8 (a). It consists of a transparent bottom electrode, made of ITO and a
spin-coated film of PEDOT:PSS. The active layer is formed of successively deposited
films of P3HT nanofibres and PCBM. The layer thickness of both layers can be
varied by changing the speed of the spin-coater. As reflective top electrode, thermally
evaporated calcium and aluminium is used.

The film of NFs is prepared using a solution of PSHT with added DTBP in a con-
centration of cprpp = 14 vol%. This concentration was chosen based on the investi-
gations of surface roughness and film retention of the NF films that were presented
in Chapter 3 (see Fig. 3.5). cprpp = 14vol% provides already a high degree of film
retention (r = 0.64) while keeping the film still relatively smooth. For higher concen-

trations of DTBP, the surface roughness increases strongly which can be a problem
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for thin-film devices, since it increases the risk of short-circuits in the device.

The most critical parameter for the fabrication of solar cells with a structure as
shown in Figure 5.8 (a) is the thickness of the P3HT NF layer. Figure 5.8 (b) shows
the J — V characteristics (measured under 1 sun illumination and under dark condi-
tions) of a range of samples where the P3HT NF film was spin-cast at different spin-
coater speed, resulting in thinner films with increasing speed. After film deposition,
the P3HT NF layer was spin-rinsed with chlorobenzene to verify the insolubilisation
and to remove the amorphous fraction at the surface. An accurate value for the
thickness of these films can, due to the significant surface roughness (thickness vari-
ation of ~ £10nm), not be determined. However, for lowest spin speed (1000 rpm),
a thickness of about 50 + 10 nm was measured, while for highest speed (2000 rpm),
the thickness is around 20 + 10nm. The subsequent film of PCBM was spin-cast at
a speed of 2000 rpm for all devices, resulting in a thickness of about 25 4+ 10nm. The
spin speed for the PCBM layer was found to have a weaker impact on the device
performance and is therefore not further investigated in this work. After deposition
of the top electrode, all devices were annealed on a hot plate at 150 °C for 10 min.
This step is necessary to get a reproducible performance from the devices. The effect
of annealing will be described in more detail below.

As can be seen in Figure 5.8 (b), with increasing film thickness, the devices gain
in both Jgo and Vpo. Because a thicker layer is able to absorb more light and
hence can contribute to the generation of more charge carriers, the increase in Jg¢
with increasing thickness can be understood intuitively. The large change in Voo
is, however, more surprising. It is most likely due to direct pathways of the PCBM
phase that connect the electrodes and leads to increased charge recombination at the
interface, which decreases Vpc. [98] Increasing the thickness of the P3HT NF layer
prevents this recombination, hence leading to an increase in Vpoo. Evidence for direct
pathways between electrodes can also be found from the increased leakage current of
the dark curves (J in reverse bias), which increases with decreasing layer thickness
and indicates a poor blocking behaviour. However, increasing the layer thickness also
increases the series resistance of the device which leads to a decreased F'F' as can be
seen in the shown data. Besides the encountered loss in F'F', going to higher film
thickness is also difficult because the spin speed cannot be decreased further without

risking that the substrate will be covered non-uniformly. This is due to the increased
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Figure 5.9.: J — V characteristics of PSHT NF solar cells comprising a film of P3HT
nanofibres (= 50 nm) and a layer of PCBM (=~ 25 nm), measured in dark
conditions (dashed line) and under 1 sun illumination (straight line).
The devices were either not annealed, or annealed at 150°C either af-
ter cathode deposition (post-annealed), or directly after spin-casting of
the PCBM layer, before the cathode was deposited (pre-annealed). For
comparison, a curve of a solar cell using a 1:0.8 blend of PSHT:PCBM
as active layer is shown. (b) External quantum efficiencies (EQFE) of
the devices shown in (a). The spectra were normalised to allow a better
comparison of the shape of the spectra and to highlight the ”flatness” of

the curves measured for the NF devices.

viscosity of the P3HT + DTBP solution compared to a pure P3HT solution, which
requires higher spin speeds to distribute the solution evenly.

For these reasons, a deposition at 1000 rpm was chosen for the P3HT NF deposition
in the following experiment, which looks at different annealing treatment of the solar
cell samples. Figure 5.9(a) shows the J — V characteristics of three NF devices
(structure as shown in Figure 5.8(a) with P3HT NF thickness ~ 50 nm), measured
in dark conditions and under illumination. As a reference, the J — V curve of a
device with an active layer spin-cast from a blend solution of P3HT:PCBM (1:0.8)
is shown as well (gray line). The samples were thermally treated in different ways,
either annealed at 150 °C after deposition of the calcium / aluminium cathode (post-
annealed), annealed after spin-casting the PCBM layer and before depositing the top

contact (pre-annealed), or without any annealing step. In dark conditions, the pre-
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, Voc Jsc FF | n
Device
V] | [mA/em?] | [%] | [%]
not annealed | 0.52 6.2 40 | 1.3
pre-annealed | 0.53 8.4 52 | 2.3
post-annealed | 0.52 6.8 44 | 1.6
blend 0.61 8.4 56 | 2.9

Table 5.1.: Parameters of the solar cells, extracted from the I-V curves shown in

Figure 5.9(a).

annealed and the post-annealed devices show similar characteristics. Compared to the
non-annealed device, it can be seen how annealing at 150 °C changes the slope of the
J-V curve significantly. The current density in forward bias is significantly increased
for both annealed devices, which can be attributed to an improved conduction path
for charge extraction, and in particular for electrons owing to rearrangement of PCBM
molecules near the interface to the PSHT phase and to the top-contact, as previously
suggested. [22, 151] The redistribution of PCBM molecules upon annealing also
results in a smoothed surface which allows a better contact to the anode and therefore
a decreased contact resistance. The smoothing is expected to be more efficient for the
pre-annealed device, resulting in a slightly increased current under dark conditions
compared to the post-annealed one, although other effects such as specific interactions
with the metal electrodes could also play a role.

The efficiency parameters for the individual cells are summarised in Table 5.1.
The improved electron transport also results in an increased fill factor for the post-
annealed device compared to the non-annealed device from 40% to 44 %, and an
increased power conversion efficiency 7 from 1.3% to 1.6 %. However, the short-
circuit current (Jsc) increases just slightly from 6.2mA(cm)™2 to 6.8mA(cm)~2,
indicating that the charge-carrier generation rate is virtually unchanged. In the pre-
annealed case, the performance is significantly improved, resulting in a fill factor of
52%, a Jsc of 8.4mA(cm)~2, and n = 2.3%. The higher Jg¢ indicates a higher
charge generation, caused by an increased P3HT / PCBM interface area, since a
significant variation due to a difference in the charge extraction paths should also

result in more prominent differences in the dark J — V' characteristics than observed.
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Figure 5.10.: Absorption spectra (normalised at local minimum at ~ 395nm) of
P3HT NF / PCBM films on PEDOT:PSS, similar to the films used
as active layer in the device shown in Fig. 5.8 (a), before and after an-
nealing at 150 °C. The spectra are compared to a film of a P3BHT:PCBM
blend (ratio 1 : 0.8).

This scenario is consistent with diffusion of PCBM into the P3HT phase, as also
reported by Chen et al. by using neutron scattering techniques. [151] Interestingly,
the diffusion behaviour is strongly influenced by the presence of the top contact,
which presumably hinders the movement of the PCBM molecules upon annealing. It
is also likely that intermixing already takes place during the deposition of PCBM due
to swelling of PSHT in chlorobenzene and a partial removal of amorphous fraction.
[152]

Figure 5.10 shows the UV-vis absorption spectrum of the successively deposited
P3HT NF / PCBM films compared to a spectrum of a film of a P3HT:PCBM (1:0.8)
blend. The increased absorption in the 500 nm - 640 nm region due to the crystallinity
of the P3HT is preserved after the PCBM deposition, and also after annealing of the
bilayer, the absorption spectrum does not change significantly. This suggests that
even in the presence of an expected diffusion of PCBM into the P3HT layer, the
intermixing mainly takes place in the amorphous P3HT domains, and leaves the
crystalline domains effectively unchanged. [15] The intermixing of P3HT and PCBM
plays an important role in the performance of the device, since it increases the donor-
acceptor interface area and can help to form an interpenetrating network beneficial

for charge extraction.
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Further insight about the morphology can be extracted from the external quantum
efficiency (EQE) of the devices. Shown in Figure 5.9(b) are the spectra for the
four devices discussed above (non-annealed, pre-annealed, post-annealed, and blend
device). The spectral shapes of the P3HT NF devices are almost identical, while
they strongly differ from the blend device. The NF device spectra feature a plateau
between ~ 400nm and ~ 600nm, while the spectrum of the blend device has a
pronounced maximum at ~ 470nm. This behaviour can be explained by a filter
effect due to the relatively large thickness of the P3HT layer. Incoming light near the
absorption maximum of PSHT gets absorbed more strongly before it can reach the
P3HT / PCBM interface than light at around the low and high wavelength end of the
absorption spectrum. 2 In a blend layer, where the exciton-splitting donor-acceptor
interface is distributed through the whole depth of the layer, this filter effect does
not show up. It is therefore possible to take the shape of the EQE spectrum as an
indicator for how much the morphology matches a real bilayer structure, i.e. how
sharp the interface between donor and acceptor is. [153]

Figure 5.10 shows that there is virtually no difference in the shape of the pre-
annealed and the post-annealed device. This indicates that the interdiffusion of the
PCBM and P3HT layer happens near the interface, and the PCBM molecules cannot
penetrate deeply into the P3HT layer, preserving the multilayer-structure to a large
extend. This is in agreement with earlier findings that suggest that the diffusion
of the PCBM molecules primarily takes place in the amorphous phase of the P3HT
layer, resulting in a morphology similar to film cast from a blend solution already
after just seconds of annealing at 150 °C. [151] However, the high crystallinity of the

P3HT in the present case prevents this strong interdiffusion.

5.2.3. Conclusions

The experiments successfully demonstrate an alternative method for the fabrication
of organic solar cells by successive deposition of the donor and acceptor material.
This method provides additional control over the morphology of the active layer, and

opens up the possibility to apply additional patterning techniques. It was found that

2 Assuming a P3HT layer thickness of 40 nm and an absorption coefficient of 0.005nm ™" at 470 nm
and 0.001 nm™~" at 600 nm, gives a 45% higher intensity of 600 nm photons compared to 470 nm
photons after light has travelled through this layer.
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the thickness of the P3HT NF film strongly impacts the performance of the devices,
which is mainly due to a change in Vpe. All NF devices that were fabricated show
a significantly lower Voo compared to similar PSHT:PCBM blend devices, with a
maximum of 0.53 V, which is ~ 100 mV lower than for a typical PSBHT:PCBM cell. It
is likely that this decrease in V¢ is due to direct pathways between the electrodes,
caused by the high surface roughness of the P3HT NF film and diffusion of PCBM
to the bottom electrode. To achieve highest efficiency, the cells have to be thermally
annealed before contact deposition, however, the Voo does not change with thermal
annealing.

In contrast to this finding, Chen et al. report a sharp increase in Voo with thermal
annealing of P3HT / PCBM bilayer solar cells, from initially 0.36 V, to 0.50 V already
after just 5s of annealing at 150°C. [151] They attribute this increase to the fast
intermixing of the PCBM and amorphous P3HT phase. The unchanged V¢ for the
presented case of P3HT NF solar cells therefore indicates that intermixing of the
phases with thermal annealing takes place to a lesser extent than what was reported
for the bilayer cells. The same conclusion can be reached from the shape of the FQF
spectra, which does not change significantly. The increased performance is therefore
attributed mainly to an improved contact at the interface to the electrodes. It is
most likely the contact to the top electrode that has the biggest impact, as can be
inferred from the different behaviour of the pre-annealing and the post-annealing
treatment. Post-annealing seems to hinder the PCBM molecules from movement and
therefore prevents the formation of an improved electrical contact. Annealing before
the metal deposition allows the redistribution of PCBM molecules at the surface and
the contact to the subsequently deposited calcium and aluminium is improved.

Due to the decreased Vo, the efficiency of the fabricated P3HT NF cells (PCE =
2.3 %) is still lower than for the blend devices ( PCE for the same P3HT batch and
prepared in the same lab at UCL is ~ 3 %). Interestingly, the Jg¢ is the same for both
devices, which is surprising considering the fact that a large fraction of the P3HT
polymer chains is oriented in an edge-on orientation when incorporated in nanofibres.
Charge transport to the electrodes will therefore have to take place mainly across the
lamella stacks, which is less efficient than along the m-stacking direction due to the
greater intermolecular distance. [46]

The similar Jgo of NF solar cells and blend devices suggests that it is mainly
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an interface effect between the active layer and the electrodes that is responsible
for the difference in performance. Improvement of the film quality of the NF layer
by optimising the DTBP concentration and coating conditions to obtain a reduced

surface roughness is expected to further increase the performance of the devices.
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Fabrication and Properties of Polythiophene Nanofibres The work presented in
Chapter 3 shows that DTBP can be used as an additive to a solution of P3HT in
chlorobenzene to increase the overall crystallinity of P3HT films. The change in
crystallinity can be detected by a change in the shape of the absorption spectrum as
well as with the help of X-ray diffraction measurements. Both measurements indicate
the formation of P3HT lamella stacks with a stack spacing of ~ 1.6nm known as
Type I packing structure. Besides the change in crystallinity, the addition of DTBP
also allows control of the film retention. It could be shown that the underlying process
of the altered film properties is a formation of micrometer-sized nanofibres (NFs). The
shape and dimensions of the NFs were investigated by AFM, and the nanofibres are
found to be around 50 nm wide and several micrometers in length. The height of the
NFs varies, from < 2nm to ~ 8 nm, and the measured values are discrete, correlating
with a different number of lamella stacks. To be able to measure the dimension of
individual fibres, the solution has to be diluted before deposition. However, if a higher
concentrated solution is used, like the 10 mg/ml solution used for the film deposition,
the fibres tend to form larger bundles in the range of several micrometers, which are
most likely the main reason why the films become insoluble with increasing DTBP
concentration. The larger size of these bundles made it possible to detect the PL
using a SNOM, however, it remains challenging to image individual NF's due to their
small size and soft nature, which bears the risk of getting easily displaced or damaged
by the scanning probe. Preliminary experiments to align the NF's in a high magnetic
field were performed and an alignment effect detected at a field strength of ~ 2T
and a partial saturation at ~ 47T. Attempts to deposit aligned fibres on a substrate
were not successful, due to solvent drying effects counteracting weak alignment forces

induced by the magnetic field.
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Suggestions for Additional Characterisation Methods One of the remaining chal-
lenges connected to the presented work is the preparation of films with highly aligned
NFs. The alignment would allow the polarisation-dependent investigation of optical
absorption and photoluminescence. This has the advantage that the highly ordered
part can be isolated from the less ordered part of non aggregated polymer chains
which surround the fibres or protrude from the fibre core.

Within this work, a range of experiments were performed that were focused on
the alignment of the NFs, in addition to the measurements in a high magnetic field
that were described in Chapter 3. This included attempts to achieve an alignment by
mechanically rubbing of NF films, drop-casting the solution on a horizontally tilted
substrate, as well as attempts to achieve a directional growth of the NFs by spatial
confinement, using a PDMS grating.

However, so far none of the mentioned techniques could be successfully applied.
The main difficulty lies in the fragile nature of the fibres, which limits the mechanical
force that can be applied to the NFs. The small dimensions also make it susceptible
to small forces that counteract any alignment, like convection flows of solvent during
drying as well as the tendency of the fibres to aggregate to networks, which are
disordered and counteract alignment of the individual fibres.

Another possibility to obtain polarisation-resolved information from the fibres is
with the help of imaging techniques with high spatial resolution. One possibility was
explored in this work by using a SNOM to image the fibres and to detect the PL. As
mentioned above, this task remains challenging due to the relatively large dimensions
of the scanning probe compared to the NF dimensions and the use of shear forces to
follow the topography of the surface. Furthermore, the small dimensions of the fibres
combined with the low PL quantum efficiency of P3HT results in a very low intensity
of the PL signal and hence requires an extremely sensitive photon detector system.

Other optical imaging techniques like a confocal microscopy were also explored
within this work. The advantage of this technique compared to SNOM is that it
operates contact-less. However, the resolution is diffraction limited, with spot-sizes
of at least ~ 0.2 um, which is large compared to the NF width and height in the
range of nanometres. It is therefore not suited to determine the shape of the fibres.
However, confocal microscopy has been employed by some groups to detect the PL of

P3HT NFs. [111, 112]. Although the authors argue that the measured PL originates
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from individual NFs, the actual shape of these fibres is not reported, and it remains
unclear whether the detected features are individual self-assembled NFs like the ones
investigated in this work, or if the PL was measured from larger aggregates in the

form of fibre networks.

Temperature-dependent Photoluminescence of Polythiophene Nanofibres The
PL of P3HT films and P3HT NFs was measured at varying temperature, ranging
from room temperature to ~ 7K. It was found that the PL behaviour differs sig-
nificantly between the samples, most strongly at an intermediate temperature of
~ 175 K. At this temperature, the NF spectra show evidence of a transition between
two vibronic progressions, with an increasing intensity of the higher energy progres-
sion with increasing temperature. The low temperature spectrum of the NF samples
shows great similarity with the P3HT thin-film spectrum, that can be explained by
polymer aggregates in which the interchain coupling dominates over intrachain cou-
pling (H-type coupling). However, the character of the second progression is more
difficult to determine, since several effects are contributing simultaneously to the
shape of the spectrum. This is in general the PL temperature dependence of the
particular type of aggregate, as determined from the location of energy levels and
strength of transition dipole moments, and as a second factor possible changes in
morphology of the aggregate, which can alter the relative strengths of inter- and
intrachain coupling dramatically.

It is most likely the latter effect that dominates the PL behaviour for the measure-
ments presented in this work. The second progression, which only shows up in the
spectra of the NF's, is expected to originate from a larger contribution of intrachain
coupling than it is the case for the P3HT film. An increased strength of Jiu¢rq re-
sults in a larger relative contribution of IIOJLO. This is opposite to the trend that is
predicted from the energetics of pure J-aggregates, which predicts a sharp decrease
in I?;LO with increasing temperature. The exact reason for the rather abrupt change
of Jinter and Jipgrq at around ~ 175 K cannot be determined with the employed mea-
surement method. It is likely that the reason for the altered dipole coupling behaviour
is a change in torsional disorder of the polymer backbones in the m-stack, caused by
alkyl side chain interactions. Decreasing temperature increases the pressure on these

chains which induces higher torsional disorder, which interrupts the coupling along
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the polymer backbone. Increasing temperature releases this pressure and allows the
backbone to planarise, which is more apparent in the NF films because of the higher
structural order as proven by X-ray diffraction. Interestingly, no indication for an
abrupt phase transition is visible from the evolution of the overall PL intensity of
the NF films and the behaviour can in contrast be explained by a single thermally
activated non-radiative decay mechanism. The drop in PL efficiency with increasing
temperature is much stronger for the NF samples, meaning that non-radiative decay
processes are more efficient in the NFs than they are in P3HT films. Also this can be
explained by the high structural order in the NFs which allows the excitons to diffuse

over wider ranges and therefore find non-radiative decay centres more efficiently.

Suggestions for Complementary Experiments to the PL Measurements To com-
plement the PL measurements and to help to validate the suspected structural phase
transition at a temperature of around 125-225 K, temperature-dependent X-ray diffrac-
tion experiments could be employed. As shown in Section 3.3.3, X-ray diffraction mea-
surements are well suited to probe the lamella spacing of P3HT aggregates. Following
the argumentation in the previous paragraph, a shift towards a smaller interlamella
distance with decreasing temperature would be expected. The fact that the specifics
of the NF samples can be probed on a relatively thick layer of NF's should positively
impact the signal to noise ratio of the measurement.

As discussed above, to gain more information about the photophysics, polarisation
dependent measurements either on individual fibres or on films of aligned fibres could
be performed.

Another aspect of the PL characteristics of the NFs that has not been investigated
within this work are time-resolved PL measurements. It was found that the PL of
P3HT typically consists of a fast (< 1ns) component, and a slow component, which
seems to follow a power law behaviour rather than an exponential decay. [154-157]
First experiments on P3HT NF's show a change in the relative contribution of the fast
and slow component, with a reduced fast component for the fibres. [110, 112, 158]
This can be explained assuming that the fast component mainly results from exciton
dissociation into polaron pairs at the borders of crystalline domains, a process which
will be less likely in highly ordered systems like P3HT NFs. The process in the

long time domain has been found to be related to the characteristic electron-hole
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separation and to the distance dependence of charge tunnelling, and first experimental
evidence that these parameters change with the size of crystalline domains exists.

157, 158]

Application of Polythiophene Nanofibres in Optoelectronic Devices Both OTFTs
and solar cells could be fabricated making use of the specific properties of P3HT NF
films that were described in Chapter 3. The increased crystallinity of the films made
from a solution with cprpp > 9vol% results in an increased field-effect mobility
of these films compared to PSHT films without DTBP treatment. In addition to
the higher order on a molecular level, also the formation of micrometre-sized fibre
networks leads to an improved charge transport and contributes to a higher mobility.

It could be shown that the high film retention of NF films with cprpp = 14 vol%
can be used for the fabrication of PSHT:PCBM solar cells by successive deposition
of donor and acceptor layer from the same solvent. Due to the high amount of the
crystalline P3HT fraction and the different fabrication technique, these solar cells
are expected to show a significantly different nanomorphology compared to standard
P3HT:PCBM blend devices. Nevertheless, after annealing, these devices show a per-
formance comparable to PSHT:PCBM blend solar cells, lacking just in Voo and still
reaching a power conversion efficiency of up to 2.3 %. It is expected that further opti-
misation of the film thickness and roughness by finding the right DTBP concentration

and spin-coating parameters, an even higher PC'E can be achieved.

Suggestions for Further Work on Applications It would be interesting to look at
OTFT characteristics if the NFs in the transistor channel are aligned. An array of
oriented NFs is expected to significantly improve charge transport and to result in
high mobility due to the charge transport being highly dependent on the orientation of
the P3HT crystalline domains. [46, 65, 119, 159] As mentioned above, the alignment
of P3HT NFs has been attempted in the framework of this thesis, but did not give
satisfactory results so far.

A high degree of orientation of the P3HT crystalline domains is also interesting for
photovoltaic applications, as has been shown by Zhu et al. who demonstrated P3HT
solar cells that also act as a polariser. [160]

The presented technique for the fabrication of solar cells by successive deposition
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of the acceptor material on top of a film of NFs could be improved to increase the
efficiency of the devices. To investigate the correlation between the morphology
of the NF layer and solar cell performance, techniques like transmission electron
spectroscopy, small angle neutron scattering or X-ray scattering are well suited to
obtain more information about the arrangement of donor and acceptor phase in the

active layer. [151, 152]
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A. Appendix

Temperature-dependent Photoluminescence of

Polythiophene Nanofibres

Supporting data to Section 4.2: Deviation of the recorded PL spectra depending
on whether the spectrum was measured during cool-down of the cryostat or while
warming up using an electrical heating element to stabilise the temperature. Based on
the measured spectra, the error introduced by non-stabilised temperature is estimated

to be < 10K.
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A. Appendix

Supporting data to Section 4.3: Temperature-dependent PL spectra of NFs pre-
pared by the method using DTBP, which show an almost identical behaviour to the
spectra of the xylene NFs presented in Fig. 4.7(b).
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