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Abstract

This thesis deals with the optical properties of organic semiconductors which are
used for organic light emitting diodes (OLEDs) and organic solar cells (OSCs).
This comprises also the charge transfer (CT) state in donor/acceptor blends, an
intermediate state on the way to charge collection in OSCs. The aim of this work
is to understand how different mechanisms influence the energy levels of organic
semiconductors (conjugated polymers and small molecules) and the properties of
the CT state.

The most important part in this study involved the application of high hydro-
static pressure, which allows for the observation of the effects of smaller intermole-
cular distances on the energy levels in organic semiconductors and the properties
of the CT state. We explain the observed pressure-induced red-shifts in the ab-
sorption and photoluminescence (PL) spectra by the effect of four parameters -
bond length, planarity, intermolecular interaction and the dielectric environment
- and estimate their contribution to these shifts.

Thick spin-coated films of poly(9,9-dioctylfluorene) (PFO) were investigated
under hydrostatic pressure. The comparison between a completely amorphous
film and a film with an additional very planar conformation (/-phase) allowed us
to clearly estimate the effect of planarisation. Additionally, the absolute value of
the refractive index of a conjugated polymer film (PFO) under high hydrostatic
pressure was determined for the first time, for which we used an interferometric
method.

Two different types of poly(3-hexyl thiophene) (P3HT) were studied in dilute
solutions and in thin films both under ambient conditions and under hydrostatic
pressure. Especially, the effect of interchain interaction on the optical properties
of the thin films was discussed. Raman measurements were used to address the
issue of planarisation of the P3HT chains in thin films under hydrostatic pressure.

Studies on spin-coated thin films of blends of P3HT and fullerene derivatives
yielded information about the clustering and crystallisation of the fullerenes in
an amorphous polymer matrix and its effect on the properties of the CT state.
Changes of the CT state energy and emission intensity with fullerene concentration
and with hydrostatic pressure were investigated. The observations were used to
draw conclusions on the reason for the observed red-shifts and the efficiency of the
dissociation of the CT state.
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- You have a power she lacks.
- Only because I have a bow.
- She has never seen a bow. Doesn’t exist in her world.

To you it’s a simple tool, to her... it’s magic.

Star Trek - The Next Generation: Who
1 Watches The Watchers

Motivation

Imagine you are going on a long awaited camping trip. You discover a
small secluded place with picturesque scenery. It is the perfect spot; the sun
shining down on you, the fragrance of the eucalyptus trees floating on the air.
Exhilarated, you assemble your new tent and then sit down to enjoy a nice
hot cup of tea. To harvest the abundance of sunlight, the roof of your tent
contains organic solar cells. These will be suitable for all your energy needs
while camping. With your hands trembling with anticipation, you plug in
your electric kettle and open the new pack of Earl Grey tea. By the time
the sun begins to disappear behind the trees, the batteries are fully charged.
Even though now the sun withholds its energy, you can watch a nice relaxing
film, using your organic light-emitting diode screen with bright colours and
low energy consumption. To finish this wonderful day you fancy reading a
nice old-style book. It lies in the interior of your tent. The whole ceiling of
your tent is covered with organic light-emitting diodes to serve you as a solid
state light source. They illuminate the interior of your tent so homogeneously
and efficiently that you find your book in a trice. As you snuggle down in
your bed you thank organic materials for revolutionising your camping trip.
At your return, your friends are fascinated to hear about your tales and are

even more astonished to hear how cheap and light-weight the tent is.

This possible future camping trip describes, how the way we think about



energy production and usage might change if the research in organic elec-
tronics manages to improve the efficiency and applicability of the optoelec-
tronic devices like organic solar cells (OSCs) and organic light-emitting diodes
(OLEDs). The photoactive part of these thin film devices could be made out
of polymers, which are known to be flexible, light-weight and relatively cheap
in production.

For these devices no ordinary polymers are used, which are additionally
known to be transparent and quite good insulators, but conjugated polymers.
They have (in their undoped state) often semiconducting properties, i.e. they
conduct electrical charges and absorb light in the visible part of the spec-
trum. This opens up the opportunity to build devices which until recently
were the preserve of inorganic materials like silicon. The huge opportunity
for the application of these conjugated polymers to combine typical optical
and electrical properties of inorganic semiconductors with typical mechanical
properties of polymers in one and the same material - maybe some researchers
with daydreams like the camping trip - lead to the development of a wide
variety of semiconducting polymers for the different organic optoelectronic
devices.

Organic optoelectronic devices are very thin and can be shaped into any
form and thus could be used on a great scale on the many usually unused
spaces of structures or vehicles at very low cost [1, 2]. They could even
be introduced between glass panes of insulated windows [3] or on flexible
surfaces [2] like textiles [4] (as a tent for a camping trip).

OLEDs have established themselves already on the market for displays for
small portable devices, and recently (January 2013) SONY presented even
the first large scale television prototype [5]. Apart from displays, OLEDs
can also be used as high intensity solid state light emitter [6]. For large area
devices, solution based processing, using polymers instead of small molecules,
are desirable because of the cheaper processing (by ink-jet printing and/or
roll-to-roll processing) [7].

OSCs are up to date still not widely commercially available. Because of
their good mechanical properties and their cheap fabrication, they might be

used for places where silicon solar cells would be too expensive, too heavy,
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Figure 1.1: Extinction coefficients of various polymer thin films. Most conju-
gated polymers absorb just in the high energy region of the solar spectrum.
(with permission of Dr. Mariano Campoy-Quiles)

too bulky, too fragile or simply not conducive to the beauty of the place. As
they will probably not compete with inorganic solar cells in terms of power
conversion efficiency or lifetime [8], they are believed to be complementary
to inorganic solar cells rather than substitutes [9]. Much progress has been
already achieved until now for OSCs [1, 10-18] with the best reported power
conversion efficiency of 12% (March 2013) [19]. But the efficiency of the
devices still have to be improved and also the costs have to be lowered in
order to make solar cells attractive to the market [§].

For both kind of devices it is very important to control the energy (wave-
length /colour) at which the active layer absorbs or emits, which is influenced
by their band gap. For OLEDs the application might demand a certain
colour; for OSCs, the emission spectrum of our sun demands an efficient
low-energy absorption in order to enhance the absorption of sunlight. For
OSCs, this is a major reason for low efficiencies at the moment, since the
best compromise for a band gap for OSCs is assumed to be between 1.1eV
and 1.5eV [20], which is much lower than the band gap of most polymers
used in OSCs (above 1.9¢V [21], see figure 1.1). For this reason low-bandgap

copolymers are being developed, but they usually show low charge carrier
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transport leading to low power conversion efficiencies despite the better ab-
sorption properties compared to high-bandgap polymers like poly (3-hexyl
thiophene) (P3HT)[22]. Thus, it seems very important for improvements of
OSCs to be able to find alternative ways to reach desired low absorption of
the active film. This is closely related to the question: How can a polymer
in the active film be influenced in order to adjust the band gap for
the specific need?

This is one major question which shall be discussed in the course of this
thesis. The other question deals with the so called charge transfer state,
an intermediate state on the way to charge collection in OSCs. Its energy
is closely related to the the output voltage in OSCs [3]. The reasons for
the dissociation of the charge transfer state, which is important to allow
for the collection of the charges and their energy, are still not well under-
stood [23, 24]. At the moment, the formation and dissociation of the charge
transfer state involves also major losses which manifests itself in a low power
conversion efficiency. Thus, the desired increase in the charge transfer en-
ergy while maintaining a high dissociation efficiency raises the question: On
what does the charge transfer energy depend and how can its dis-
sociation be stimulated?

This thesis is contributing to the endeavour to improve optoelectronic
devices and answering the proposed questions in a very fundamental way.
The main objective of the thesis was to understand how optical properties of
semiconducting polymers can be influenced without chemically modifying the
molecules. This is important because a deeper understanding allows us to get
insight into which properties a molecules should have or which morphology
the polymer film should have to get the desired optical properties.

The disadvantage of a chemical modification is that it is difficult to as-
sign the observed optical changes to certain parameters, since intermolecular
distance, band gap and the film morphology can all change at the same time
and many different molecules would have to be systematically investigated
to disentangle the different influences on the absorption and emission of ma-
terials and blend systems. For this reason, we used a diamond anvil cell to

induce changes by high hydrostatic pressure, which allowed us to gradually
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change the parameters as the intermolecular distance and thus modify the
optical properties in a very controlled and “clean” way.

Spin-coated films of poly(9,9-dioctylfluorene) (PFO) and P3HT were in-
vestigated this way. The former is a polymer with possible applications in
OLEDs, the latter is one of the most important high-bandgap polymers for
OSCs. Furthermore, blends of P3HT with phenyl-C61-butyric acid methyl
ester (PCBM), a very important model system for OSCs, were studied [25].
Mostly optical measurements like absorption, photoluminescence and Raman
measurements were performed. With these various aspects of the molecules
like their energy levels, conformations and morphology in thin films are dis-

cussed in pure polymer films of poly(9,9-dioctylfluorene) (PFO) and P3HT.

Structure of the thesis

The thesis is structured as follows:

The second chapter gives a deeper introduction into the field and provides
the necessary theoretical basis of organic semiconducting materials (such as
P3HT, PCBM and PFO). A review of the pertinent literature is given in
order to facilitate the later discussion of the experiments. The third chapter
describes the preparation of the samples and the measurements.

The results will be presented and discussed in the subsequent chapters.
Chapter 4 deals mostly with the planarisation of the polymer chain and the
change in the refractive index under pressure by the example of PFO. In
chapter 5 the different behaviour of the semicrystalline and the amorphous
versions of P3HT and of PCBM under pressure is presented with a focus
on planarisation and intermolecular interaction. In chapter 6, the effect of
mixing PSHT and PCBM - as in the active layer of a real working OSC - is
presented focusing on clustering of PCBM and the effect of PCBM concentra-
tion and hydrostatic pressure on the charge transfer state and the efficiency
of the charge transfer state dissociation. Finally, in the seventh chapter, the
conclusions will be given and the results and their importance for the design

of new molecules and solar cells will be discussed in a broader context.
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Y nosotros leemos, y, a partir de esa lectura, creemos,
votamos, discutimos, perdemos la memoria, nos olvi-
damos generosa, cretinamente, de que hoy dicen lo con-

trario de ayer.

Mario Benedetti, La tregua

2

Introduction and background

The experiments performed for the thesis are mostly fundamental and of
a rather general character interesting for any device with organic semicon-
ductors. However, the greatest part was performed in order to understand
the processes happening in organic solar cells. This includes the properties
of the pure conjugated polymers but also the so called charge transfer state,
an intermediate state on the way towards charge collection at the electrodes.
Furthermore, the influence of pressure on the optical properties of organic
semiconductors is a central point in the thesis. To give sufficient background
for the discussion of the performed experiments we will introduce conjugated
polymers, then give a broad outline of the most important processes happen-
ing in organic solar cells and explain in detail the literature available about
the optical properties of conjugated polymers and small molecules under

pressure.

2.1 Semiconducting polymers and small

molecules

Polymers consist of carbon based repeat units (monomers) connected by co-
valent bonds to usually long chains, which can be linear or branched. The

properties of polymers are virtually independent from their number of repeat
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units. For shorter chains this is not true and to distinguish these molecules
from polymers they are called oligomers (from the greek oAryoo meaning “a
few”). There is no exact number which determines when oligomers become
polymers, and it depends also on whether one refers to the optical, electri-
cal or thermodynamical properties. Common polymers out of everyday life
have very similar mechanical properties to the ones which are discussed in
this thesis but completely different optical and electrical properties. Both
types have a low density, are ductile and strong; hence they are resistant to
many mechanical influences. But while polymers are known to be mostly
transparent and good electrical insulators, some conjugated polymers can
exhibit a certain degree of conductivity, thus opening up the way for organic
electronics.

The difference of these two types of polymers can be found in the bonds
they form. The C-atoms of common polymers have predominantly sp® hy-
bridised orbitals, which form o-bonds. The energy gap, formed by the oc-
cupied bonding o-state and the empty anti-bonding o*-state, is in these
case very high! giving the polymers their transparent and insulating prop-
erty. C-atoms in semiconducting molecules, in contrast, have typically sp?
hybridised orbitals, forming o-bonds, and one p,-orbital, forming m-bonds.
The 7-bonds are weaker (they have a higher energy) and a smaller energy
splitting between the bonding and anti-bonding state, which form the band
gap of the semiconducting molecules. The transition from the 7- to the
m*-orbital is in the range of a few electronvolts and as a result conjugated
molecules have semiconducting properties. This transition does not lead to

free charges, however, but to a strongly bound Frenkel?-exciton® because of

'high compared to energy of photons of visible light and of typical voltages applied at
electronic devices
Alessandro Giuseppe Antonio Anastasio Volta (1745, Como - 1827, Como)

2Yakov II'ich Frenkel (1894, Rostov-on-Don, Russia - 1952, Leningrad)

3Strictly speaking one has to take into account that in polymers a strong interaction
between vibrational and electronic states exists. The excitation is always accompanied by
the distortion of the molecule in its vicinity, which influences the excitation’s properties.
The electron or hole with the distortion together is called a polaron. However, as the
difference is most of the times of minor importance for the understanding of the processes,
in this thesis the concepts more familiar to physicists of free electrons/holes and excitons
will be mostly used.
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Figure 2.1: Sketch showing PSHT with chromophores of different conjugation
lengths. In reality, the borders are not as clearly defined and many reasons
exist to impede the movement of the exciton.

the high exciton binding energy between 0.1eV and 0.5V [23, 26-30]. That
the exciton binding energy is so much higher than in inorganic materials, e.g.
silicon, can be explained by two main differences: a) The strong localisation
of the wave functions to a one dimensional system over a few monomers [30]
compared to a three dimensional extension of the wave function in inorgan-
ics; b) the much lower dielectric constant in polymers (approx. 3-4 compared
to about 11 for silicon and gallium arsenide) resulting in less screening of the
charges.

The (de)localisation of the exciton along the polymer backbone is one of
the most important characteristics and is described by the (effective) conju-
gation length. The conjugation length states over how many monomers the
exciton is delocalised. For poly(3 hexyl thiophene) (P3HT) a typical number
reported is 7-10 monomers [31]. The conjugation length can gradually change
by changing the p-orbital overlap between the monomers. Usually a poly-
mer is not straight and planar but has bends, kinks and can rotate around
the single bond (torsion) connecting the monomers. Very strong bends or
an interruption of the conjugation because of defects can interrupt the free
movement of the exciton altogether. A polymer can be roughly thought of
as a chain of segments with different conjugation lengths. This is depicted
simplified in figure 2.1. The conjugated polymer backbone of these chain

segments determines the energy (or “colour”) of the excitons and is called a
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Figure 2.2: Sketch of a typical solar cell with detailed look into the active
layer and the most important processes. See text for details.

chromophore. The exciton energy is the band gap energy minus the exciton
binding energy. The energy of an exciton within a chromophore decreases
with increasing conjugation length. An intuitive picture is that of the “parti-
cle in a box” (or a harmonic oscillator with varying force constant). In organic
materials the exciton energy decreases with increasing chain length (i.e. a
wider box/ weaker spring) according to experiments with oligomers [31, 32]
Therefore, the conjugation length is often used as an argument, whenever

changes in the exciton energy occur as is further explained in section 2.4.1.

2.2 Introduction to organic solar cell

Solar cells convert the energy of photons, typically created in our sun - hence
the term solar cell, into electrical energy. A sketch of an organic solar cell
(OSC) is shown in figure 2.2. It consists at least of a layer, in which the
photons are absorbed and charges are separated, called the active layer (typ-
ically 100 nm to 200 nm thick [18]), and two electrodes to collect the opposed
electrical charges. For successfully collected charges, in short, the following
processes happen in an organic solar cell: The absorbed light creates an ex-

citon in the donor polymer, which diffuses to the interface with the acceptor
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material. There, the electron changes to the acceptor phase (charge trans-
fer), separating the still bound electron and hole spatially. Then the charges
break free (charge separation) and move to their respective electrode, where
they are collected.

The electrodes in organic photovoltaics have two important functions.
Firstly, they have to collect the charges which arrive at their interface and,
secondly, they form an electric field according to the difference in their work
function and thus assist the charges to reach their respective electrode. At
least one electrode has to be transparent (usually the anode) in order for
light to reach the active layer. Further layers can be present to enhance
the absorption by a redistribution of the electric field [33] or to ease the
charge transport between active layer and the electrodes (injection layer) for
example to prevent the formation of surface dipoles [34].

Organic solar cells are usually not completely constructed out of organic
materials, however, the active layer, the heart of the solar cell, is. This layer
consists of (at least) two organic semiconducting materials, one p-type (hole
conducting) and one n-type (electron conducting). Even though often the
term “plastic solar cells” is coined, in fact, the most efficient organic solar cells
use derivatives of fullerenes as an electron acceptor, i.e. a small molecule.
While the fullerene is without real alternative at the moment, many different
polymeric donor materials are tried in order to get better morphology, better
conducting properties or better energy levels for efficient OSCs. The choice
of the polymer is an important one, for most of the absorption happens in
the polymer and the destiny of the created exciton will depend strongly on
the properties of the polymer.

Important characteristics of a solar cell (also inorganic ones) are marked in
the I/V-curve (photocurrent-voltage curve) of a fictitious solar cell depicted
in figure 2.3. These characteristics are the open circuit voltage V,., which
is the voltage between the two electrodes when no electrical current flows,
and the short circuit current [ ., which is the current measured when the
electrodes are connected without any resistor. In both cases no power is
produced by the solar cell but these values are indicative of what the solar

cell is in principle capable of. This means, they can be a measure of the
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Figure 2.3: 1/V curve of a fictitious solar cell with approximate I . of
0.1mAcm~2 and V,. of 0.55V

physical limits of the system [21]. The maximum power produced in the solar
cell at the so called maximum power point shows how the solar cell performs
under working conditions and one tries to operate solar cells as close to this
point as possible. The external quantum efficiency (EQE) states how many
electrons are extracted from one photon of a specific energy. This value
depends on the absorption and how many of the thus created charges can
be brought afterwards to the electrodes (the latter is called IQE or internal
quantum efficiency). To maximise the absorption one needs a high spectral
overlap between the absorption coefficient of the active layer and the solar
spectrum. The solar spectrum has roughly the form of a black body emission
at 5500 K and as such a big part of the total intensity lies in the infrared,
while many polymers have band gaps of about 2eV (620 nm) or higher, giving
a very low spectral overlap. P3HT, for example, has a band gap of 1.9eV
and would at best collect only 30% of the solar light [17, 35]. But the lower
the band gap of the polymer is, the higher the energy losses of the high
energy photons are, because the exciton quickly loses the energy difference
to the band gap as heat. The best compromise is assumed to be around
1.1eV and 1.5€eV [20], but it is also possible to build dual junction solar cells,
which consist in essence of two solar cells in series, one to harvest high energy

photons efficiently and the other to harvest the low energy photons.
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Figure 2.4: Sketch of the lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO) energy levels of a polymer
(donor) /fullerene (acceptor) heterojunction. The sketch shows the absorp-
tion (on the left), the exciton migration through the polymer, the charge
transfer, the charge separation and the movement of the electron away from
the interface (on the right). More details in the text.

2.3 Organic solar cells: from absorption to

charge extraction

The basic processes in organic solar cells are explained here in greater detail.
First and foremost, the processes occurring from absorption until the charge
separation are of interest for this thesis. Later processes concerning the
transport of the charges and the injection into the electrodes will be outlined
only briefly for the sake of completeness. Some of the following explained
processes are depicted in figure 2.4 which shows a sketch of the energy levels
within the active layer. On the left, the lowest unoccupied molecular orbital
(LUMO) levels and the highest occupied molecular orbital (HOMO) levels
of the donor are shown and, on the right, the corresponding ones for the

acceptor.

2.3.1 Absorption and photoluminescence

During the absorption process a photon is absorbed by the polymer, elevat-
ing an electron from the HOMO to the LUMO (see figure 2.4). The HOMO-
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Figure 2.5: Sketch of a Franck-Condon-transition between the ground state
and the first excited state. The thin (green) curve stands for the real po-
tentials and the thicker one for the harmonic approximation. On the left,
the absorption and PL spectra, which this material would have, is portrayed.
Idea adopted from reference [36].

LUMO gap is also called optical band gap (or just band gap). The onset
of absorption (optical gap) is at lower energies because the HOMO-LUMO
gap is defined for free charges while the created singlet exciton has a binding
energy which first has to be overcome to dissociate the exciton [37]. The
HOMO-LUMO transition is from the well delocalised bonding m-orbital to
the anti-bonding 7*-orbital. The atoms in the ground state and the excited
state have usually different equilibrium positions. The Franck-Condon* rep-
resentation of absorption is illustrated in figure 2.5. It shows the electronic
ground state (corresponds to HOMO) and the first excited state (LUMO)
of a system, each with the vibrational energy levels according to a harmonic
oscillator approximation of the configuration coordinate, which in this simple
pictures corresponds to the nuclear oscillation of one specific bond. Typically
the stretching vibrations of the carbon-carbon (C-C) single and double bonds
with energies around 150 meV to 200 meV couple best to the electronic states

of the molecule. The Franck-Condon principle states that the electronic

4James Franck (1882, Hamburg - 1964, Géttingen); Edward Uhler Condon (1902,
Alamogordo, USA - 1974, Boulder, USA)
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transition is fast (< 10715 s) compared to the nuclear motions (~107'3s) [37]
and thus, the configuration coordinate does not change during the electronic
transition. This is closely related to the Born-Oppenheimer® approximation.
This justifies the vertical transition for the absorption, which usually occurs
from the vibrational ground state (0-state) to the n-th vibrational state of the
first excited electrical state. The transition is written as n <— 0. Transitions
from higher vibrational states are unlikely, because the energy of the optical
phonons, to which the electronic states are coupled, is big compared to the
thermal energy k7T [38]. Transitions which involve the excitation of higher
vibrational states are shifted to higher energies compared to the transition
to the vibrational ground state.

Photoluminescence is the reverse process of the absorption. After the
absorption, the system relaxes from the n-th vibrational state very fast to
the 0-th vibrational state, so that usually virtually all the emission comes
from the O-th vibrational state (Kasha’s® rule). From there, the system
can go to the n-th vibrational state of the electronic ground state (n — 0).
Transitions to higher vibrational states are shifted to lower energies compared
to the transition to the vibrational ground state.

The intensity distribution of the different transitions can be described by
the Franck-Condon-factor. The intensity of a transition is proportional to
the transition integral which depends on the vibronic wavefunction overlap
between the initial and the final state. When the configuration coordinate
of the electronic ground state and the excited state are identical (and both
states have similar configurations near their respective equilibrium position),
the transition between the vibrational ground states is the only one allowed
as the other vibrational wave functions are perpendicular to the ground state
wave function. If the configuration coordinate of the excited electronic state
is shifted as shown in the example in figure 2.5, higher vibrational states
get a higher transition probability and thus higher intensities in absorption

and photoluminescence. This is expressed often in the Huang-Rhys’-factor,

5Max Born (1882, Wroctaw - 1970, Gottingen); Julius Robert Oppenheimer (1904, New
York - 1967, Princeton)

SMichael Kasha (*1920, Elizabeth, USA)

"Huang Kun (1919, Beijing - 2005 Beijing) and Avril Rhys



22

which is defined as
o kAQY
2hw
where k is the force constant, w the angular frequency of both electronic
states, A the reduced Planck® constant and AQ the configuration coordi-
nate difference between electronic ground state and the first excited state.
It describes the average number of phonons created in the transition. For

experimental purposes one can write this as

n[n Il+212+3[3
=L I |

n>1 79 g

where I, is the intensity for the transition to/from the n-th vibrational state

of the final state and I, the total intensity, which is defined as

I, =1

The Huang-Rhys factor is here of importance for a decrease of its value
is often connected with an increasing conjugation length in the polymer
chains [39-41].

Exciton diffusion after absorption occurs by a random walk as the exci-
ton is neutral and, therefore, its movement is not influenced by the internal
electric field caused by asymmetric work functions of the electrodes. The
chromophores of the polymer are electronically coupled and after absorption
the exciton can move as a whole along a polymer chain from one chromophore
to the next or even to a chromophore of a neighbouring polymer chain (in
crystalline materials even with roughly the same speed [28]). This happens
via a Forster? transfer which is more efficient towards lower energies (sub-
picosecond range) while it is thermically activated between levels of similar
energy and a jump is relatively slow (10 ps to 100 ps) [28]. As the time con-
stant of PL decay is in the order of magnitude of at least several tens of
picoseconds [42] up to the nanosecond regime [43] an exciton is likely to ar-

rive at a low energy chromophore before decaying radiatively. This selective

8Max Karl Ernst Ludwig Planck (1858, Kiel - 1947, Géttingen)
9Theodor Férster (1910, Frankfurt am Main - 1974, Stuttgart)



23

PL is in contrast to the absorption process for which all conjugation lengths
contribute. This and, to a lesser degree, an often occurring relaxation pro-
cess of the polymer backbone after absorption lead to a different centre of
the 0-0 transition energy in PL compared to absorption. The shift between
the centre of the the 0-0 absorption peak and the 0-0 PL peak is a measure of
the energy loss the exciton sustains and is called Stokes' shift [37, 44] (note:
for the system in figure 2.5 there is no Stokes-shift in contrast to figure 2.4,
where relaxation occurs and the exciton migrates to a chromophore with a

smaller band gap).

2.3.2 Charge transfer state and charge separation

After absorption the exciton has a certain life-time (and a corresponding
diffusion length) until it undergoes either radiative (PL) or non-radiative
(producing heat) recombination. If this happens, the exciton energy is lost
for the power generation of the solar cell. A solar cell which consists only
of the polymer would create virtually no free charges [45] because the exci-
ton has such a high binding energy (approximately one order of magnitude
greater than the thermal energy £7") and just excitons which reach one of the
electrodes might break up. In order to break up the exciton before it decays
and make the energy it carries accessible, an electron acceptor can be intro-
duced to form an intermediate and more stable state on the way to charge
separation. A charge transfer (CT) state, in general, is a state in which a
charge is transferred from one excited molecule to the other and occurs also
when doping the polymer, for example, in an oxygen atmosphere [46]. In
a solar cell the expression is usually used, however, for the specific charge
transfer from the donor-material to the electron-acceptor-material. The new
state is no usual exciton any longer because the two charges are spatially sep-
arated, but they are still in neighbouring molecules and efficiently bound to
each other by Coulomb!! forces [26, 47]. Tt is usually termed charge transfer

exciton/state or bound polaron pair. This CT state is so important because

108ir George Gabriel Stokes (1819, Skreen, Ireland - 1903, Cambridge, England)
HCharles Augustin de Coulomb (1736, Angouléme, France - 1806, Paris)
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it is the only known way to break up the exciton efficiently.

Virtually every exciton which reaches the donor-acceptor interface un-
dergoes there the charge transfer, because the charge transfer process itself
happens in the subpicosecond time range and is thus much faster than any
other competing process [48]. The efficiency of the charge transfer is there-
fore to a great extent determined by the distance an exciton has to move by a
random walk in order to reach the donor/acceptor interface. In order to keep
this distance short, the active layer consists usually of a heterogenous blend
of the donor and acceptor material, which is termed a bulk heterojunction.
The phase separation of the two materials in this bulk heterojunction must at
most be as large as the exciton diffusion length, which is only around 10 nm
for polymers [26, 49, 50]. On the other hand, a very intimate blend of the two
materials is not the best choice mostly because any free hole moving through
the polymer will always be close to a free electron in the acceptor material
increasing drastically the probability of their recombination (so called bi-
molecular recombination). Therefore, the control of the morphology is one
of the most important factors in the optimisation of the active layer in order
to obtain the best compromise between a low bimolecular recombination and

a high charge transfer efficiency.

The LUMO-level of the acceptor material lies ideally several hundred
millielectronvolts below the LUMO-level of the polymer. It is believed that
the energy difference between the two LUMO levels has to be bigger than
the exciton binding energy in order for the charge transfer to be efficient |26,
51, 52]. Because of the lower LUMO level the CT exciton has a considerably
lower energy than the singlet exciton in the polymer, usually in the near-
infrared region (e.g. 1eV for RR-P3HT [53]). The CT state can also undergo
several possible transitions. Above all, the electron and hole can recombine
(geminate recombination) under the emission of light, decay non-radiatively
or they can separate into two free charges - the desired case. There are two
main branches for theories which try to explain how charge separation can
occur, the “hot exciton theory” and the “cold exciton theory”. Directly after
the charge transfer the exciton is in an excited state (“hot”, see figure 2.4).

It can then make a transition to the ground state. From the ground state
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it has to overcome the binding energy, which will happen with a certain
probability (“cold exciton charge separation” in figure 2.4 simplified just with
the electron). It is possible that, for example, the electric field between the
two electrodes assists this separation [26, 54, 55] or that delocalisation of one
of the charges assists in their breaking up [56, 57]. The charge transfer state
is stable for several nanoseconds before it decays and the charges are lost
for the charge collection [56]. Possibly, the transition from the relaxed (or
“cold”) state to a free electron would not be efficient enough mostly because
of the still high binding energy of the CT exciton [47]. The “hot-exciton”
theory states that directly after the charge transfer the still excited charge
transfer exciton uses the extra energy to undergo the charge separation [57]

(“hot exciton charge separation” in figure 2.4).

The open circuit voltage is believed to be determined by the
HOMO(donor) - LUMO(acceptor) difference [3, 58] and therefore the effi-
cient breaking of the exciton is achieved at the expense of the open circuit
voltage [59]. The radiation observed upon the geminate recombination is also
determined by the HOMO (donor) - LUMO (acceptor)-gap (and the binding
energy of the CT state). This makes the charge transfer accessible to optical

measurements.

After the charge separation the hole moves in the donor towards the anode
and the electron moves in the acceptor towards the cathode in the internal
electric field of the electrodes. Because of the misalignment of the HOMO
states and the LUMO states between the two organic materials it is not very
likely for the charges to change to another phase during transport. It is there-
fore very important that after the charge separation uninterrupted pathways
exist for the hole (in the donor) as well as the electron (in the acceptor) to
their respective electrodes. This emphasises even more the importance to
control the morphology (a trapped electron because of a bad morphology
can be seen in the sketch in figure 2.2). The further the charges are from
their respective electrodes the more difficult it is to guarantee uninterrupted
pathways and to avoid bimolecular recombination [26]. Additionally, the mo-
bilities of the charges in the organic materials are very low. This is a problem

because the charges need a long time to reach their electrode, which makes
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the recombination process more likely. If the mobilities of holes and electrons
are additionally not well balanced, one species is extracted faster than the
other and a space charge builds up in the device, limiting the efficiency of the
extraction of the charges [35]. Because of both the possible built-up of space
charge and the bimolecular recombination the active layer has to be as thin
as possible. Fortunately, conjugated polymers have a much higher extinction
coefficient than silicon, making it possible to keep the active layer at a few
hundred nanometres and still exhibit high absorption [26]. At the electrodes,
the alignment of the work function with the energy level in the organic ma-
terial and the type of contact (Schottky!'? or ohmic!?) are important in order
not to lower the open circuit voltage and in order to avoid recombinational
losses. After this, the energy of the charges is at the disposal of the user as
she/he sees fit.

2.4 Energy levels and decay mechanisms in

organic semiconductors

2.4.1 Energy level changes

The control of the molecular energy levels is important for any optoelectronic
device. The energy levels depend on the chemical structure of the molecule it-
self, but even the same molecule can exhibit a wide range of energies (changes
of several hundred millielectronvolts [60, 61]) of the HOMO and LUMO level
according to its geometrical changes and interaction with its environment.
For example, the absorption and PL spectra of a molecule in a solid state are
invariably red-shifted with respect to the dissolved molecule [62] (called here
“solution-to-solid” shift but often called “gas-to-crystal” shift). Also under
hydrostatic pressure the spectra of organic materials nearly always shift to
lower energies [40, 61, 63, 64]. It is of great importance for the design of
molecules and for the fabrication of devices to understand which parameters

influence the energy levels of organic materials in these cases. The most

12Walter Hermann Schottky (1886, Ziirich - 1976, Pretzfeld, West Germany)
13Georg Simon Ohm (1789, Erlangen - 1854, Miinchen)
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Figure 2.6: Hlustration of the different parameters, which can affect the band
gap of a polymer and a small molecule (without significant conformational
freedom): i) the bond length, ii) the molecular conformation, iii) intermole-
cular/ interchain interactions and iv) the dielectric environment.

important parameters believed to influence the energy levels are depicted in
figure 2.6:

The bond length ( (i) in figure 2.6): Bond length changes within the
molecules change the overlap of the p-orbitals and thus the delocalisation of
the exciton. A shortening (lengthening) of the bond lengths could thus lead
to a higher (lower) conjugation length. It was suggested that under hydro-
static pressure the resulting increased conjugation length with the shortening
of the bonds is the main cause for the observed red-shift. For this, mostly
the shortening of the inter-monomer bond would be important [65-67], be-
cause it is said to be relatively soft and a variation of the bond length could
influence the p-orbital overlap between monomers [67, 68]. However, it was
also claimed that the change in bond lengths is very small [30, 69, 70] and
calculations of para-terphenyl (3P) showed that intrachain interactions, like
the bond length change, play only a minor role [68]. This makes it unclear
if bond length changes are enough to explain the red-shift.

Molecular conformation ( (ii) in figure 2.6): The molecular conformation

is influenced greatly by the interaction with neighbouring molecules or parts
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of the same molecule (Pauli'* repulsion (steric effects) and van-der-Waals'®
interaction) and the temperature. Different conformations can lead to a
variation of the p-orbital overlap. This effect is especially important if rota-
tional degrees of freedom exist in the molecule, which changes the alignment
of neighbouring p-orbitals. In oligomers and polymers this is usually true
for the inter-monomer bond, which then affects the planarity of the chain.
A higher planarity leads to a higher conjugation length and provides thus
possible contribution to the “solution-to-solid” shift [71]. The planarisation
of non-planar molecules under high pressure was shown to affect the band
gap considerably at low pressures [60, 67, 72], again because of an increased

p-orbital overlap.

Intermolecular and interchain interaction ( (iii) in figure 2.6): For this
effect the m-orbital overlap of different molecules or different chromophores
is important. This can be influenced by the orientation of two molecules or
by their distance. Interchain interaction leads to a shift of the energy levels
of the ground state along with a shift and a splitting of energy levels in the
excited state as described by the molecular exciton model [73]. In this model,
we may consider the interaction of two molecules or polymer chromophores
having a main dipole (or transition moment). The two possible excited levels
are those, in which the two dipoles are either parallel or anti-parallel. The
allowed transition for absorption is from the ground state to the excited state
with parallel dipoles. In the cofacial configuration (H-aggregate), the parallel
state has the higher energy, in the staggered/slipped case (J-aggregate) the
lower energy of the two exited states.

Another type of intermolecular interaction occurs for small molecules,
like anthracene, which crystallise with two inequivalent molecules per unit
cell [69]. In these cases, Davydov!® splitting occurs leading to a red-shift.

By going from the solvent to a solid or by increasing the pressure an en-
hanced interchain interaction is expected. According to calculations, Davy-

dov splitting is enhanced in anthracene crystals with decreasing intermole-

4Wolfgang Ernst Pauli (1900, Wien - 1958, Ziirich)
15 Johannes Diderik van der Waals (1837, Leiden - 1923, Amsterdam)
16 Alexander Sergeevich Davydov (1912, Yevpatoria, Russian Empire - 1993, Kiev)
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cular distance, which reduces the band gap [70]. But this is a very specific
example and in order to explain the red-shifts for the “solution-to-solid” shift
and hydrostatic pressure, aggregates seem to offer the only general explana-
tion. For polymers, however, a staggered configuration, as in J-aggregates,
might be difficult or impossible to realise for two polymer chains. A blue-
shift with decreasing intermolecular distance was shown for H-aggregates in
computations and the experimentally observed red-shift explained in these
case by conformational [74] and bond length changes [66]. Nonetheless, for
hydrostatic pressure it has been claimed that the interchain interaction can
play a major role for the red-shift in polymers under pressure [61, 68] with-
out clarifying the mechanism behind it. It was also claimed that aggregates
cause the “solution-to-solid” shift. In this context it was pointed out that

H-aggregates might be weakly emissive from the lower energy state[75].

One way to explain a red-shift via aggregates is to assume that the men-
tioned calculations are overidealised and disorder in polymer samples enables
transitions to/from the lower excitated states in H-like aggregates. Temper-
ature might also play an important role to increase the disorder and make
the transitions more allowed [76]. Cornil et al. have found, that displace-
ment of two oligomers in the cofacial configuration induces only very little
oscillator strength in the lower excited level [71]. Spano et al. discussed
disorder as random distribution of spatially correlated molecular transition
energies [77, 78]. In their calculations even ideal H-aggregates retain absorp-
tion to the lower excited state (though less than in the isolated molecule)
and only the 0-0 emission is strictly forbidden. Disorder in this picture leads
above all to an increase in intensity of the 0-0 PL peak [77, 78]. With this
picture in mind one can assume that in real (disordered) polymer samples,

H-like aggregates have an allowed transition from/to the lowest excited state.

It was also suggested that, apart from these H-aggregates, J-aggregates
exist because of the interaction of the monomers of the same polymer
chain [79]. Energy changes would therefore be explained by the changed
coupling between monomers. As this coupling will depend solely on the con-
formation of a single polymer chain, this model has to be incorporated into

the intrachain model. It can help to explain the shift caused by the bond
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length shift (parameter (i)) or conformation (parameter (ii)).

Dielectric constant ( (iv) in figure 2.6): On the one hand, an increase in
the dielectric constant (or refractive index) will lead to an increase in the
polarisation energy, decreasing the HOMO - LUMO gap [37]. At the same
time, more efficient screening of charges can lead to a decrease in the exci-
ton binding energy [30, 68] implying an increase in the optical gap (onset
of absorption). This means that a priori it is not even clear what effect the
dielectric constant might have on the optical gap of a specific material. The
interaction of the exciton with the highly polarisable solid was suggested
to cause in general the “solution-to-solid” shift [62]. For hydrostatic pres-
sure, the dielectric environment of the exciton was suggested to influence
the optical gap by the stronger polarisation of the surrounding dielectric

material [80].

2.4.2 Photoluminescence quenching

Additionally to the red-shift, a quenching of the PL has also been observed
invariably under pressure [63]. Concerning this quenching most arguments
deal with interchain interactions, which favour the formation of only weakly-
emissive states after the absorption. It was suggested that shorter intermole-
cular distances are conducive to the formation of interchain electron-holes
pairs [81, 82]. This species is no longer a Frenkel exciton but rather a form of
charge transfer state and has a much lower transition probability for radiative
emission. Connected with this, quenching might stem from the formation of
excimers. Excimers (=excited dimers) are dimers that are stable only when
one part of the dimer is in an excited state and the other in the ground state.
They have a featureless long wavelength emission and long life-times, i.e.
as the charge transfer state, they are likely to decay by nonradiative decay
mechanisms. Their formation becomes more likely at smaller interchain dis-
tances [37, 80]. A very important quenching mechanism seems to stem from
defect sites. At defects a charge transfer can occur, trapping efficiently one
of the charges [74, 83]. The quenching is determined by the density of these

quenching sites and the mobility of the exciton. Especially photooxidation
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Figure 2.7: Chemical structure of Phenyl-C61-butyric acid methyl ester
(PCBM)

causes a rapid increase of the density of quenching sites leading, for instance,
to a decrease in PL intensity when the sample is measured in air. In con-
trast, under pressure the mobility of the excitons may increase because bends
and kinks might disappear increasing the movement along a chain and be-
cause the increased interchain interaction aids the motion of excitons between
chains [64, 80, 84]. Another possibility is that a higher dielectric function (or
refractive index) leads to a lowering of the exciton binding energy [30] and
thus can favour the charge separation and impeding the emissive recombina-
tion of the exciton. The formation of an H-aggregate was suggested to lead
to PL quenching when, after the absorption, the exciton goes to the lowest

excited state of the H-aggregate which is only weakly emissive [75].

2.5 Organic materials

2.5.1 Phenyl-C61-butyric acid methyl ester (PCBM)

Formula: C7oH1404

Phenyl-C61-butyric acid methyl ester (PCBM, see figure 2.7) is a deriva-
tive of the buckminster fullerene Cyy called so because of the similarity of the
structure of the molecules to the geodesic domes of the architect R. Buck-

minster Fuller!’[85]. The side group makes the fullerene soluble in many

171895, Milton, Massachusetts, USA - 1983, Los Angeles
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Figure 2.8: Chemical structure of Poly(3-hexyl thiophene) (P3HT): a) regio-
random (rra), b) regioregular (RR)

common solvents among them chlorobenzene and toluene. It is a very good
acceptor molecule for organic photovoltaics, because of its high electron affin-
ity and good transport characteristics. It can accept up to six electrons per
molecule [54, 86] and can crystallise, showing efficient charge transport in
three dimensions [87]. Additionally, bis-PCBM, the bisadduct of PCBM, was
used in one experiment. The additional side group prevents crystallisation
and increases the LUMO-level yielding devices with a higher V. [88].

PCBM (684430) purchased from Sigma Aldrich [89] molecular weight M,
911 g/mol

2.5.2 Poly(3-hexyl thiophene) (P3HT)

Formula: (CyoH145)n

Poly(3-hexyl thiophene) (P3HT, see figure 2.8) is a conjugated polymer
known for its high mobilities [90, 91] and is often used as a model polymer
for efficient organic photovoltaics in the PSHT:PCBM blend system. The
monomer units consist of thiophene rings and an alkyl chain at the 3 position.

Neighbouring rings are connected at the 2 and 5 position of the monomer and
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rotated roughly 180° around the interring single bond [92]. The alkyl chain is
attached in order to increase the solubility of the polymer in common organic
solvents such as chloroform, toluene or chlorobenzene making it possible to
process the polymer from solution using methods such as spin coating (see
chapter 3.1).

The monomers of P3HT can be assembled in three different ways. The
head (H) is hereby defined as the carbon atom in the 2 position and a tail (T)
in the 5 position and accordingly one can have head-tail(HT), tail-tail (TT)
and head-head (HH) bonds [92]. In the HH-bond case, the monomers are
twisted far out of coplanarity and conjugation because of steric effects by the
alkyle chains. The regioregularity is defined as the fraction of HT bonds in
the polymer chain. In regiorandom P3HT (rra-P3HT) the bonding between
the monomers is random and high torsion angles (roughly 50° to 70° out of
coplanarity for poly(3 butyl thiophene (P3BT)) [93] appear often, while in
regioregular P3HT (RR-P3HT), i.e. with mostly HT-bonds, monomers are
arranged nearly coplanar (within 20° in P3BT) [93].

RR-P3HT has not only a smaller band gap because of the lower torsion
angle (see section 2.1) but has, unlike rra-P3HT, additionally the capability
to crystallise. The crystalline phase is very important for the optoelectronic
properties of the material: The torsion angle is further reduced because of
greater interchain interactions. This reduces the band gap and increases the
hole mobility greatly and makes just the regioregular version of P3HT inter-
esting for the application of photovoltaics. However, also RR-P3HT consists
partially of an amorphous phase [94] making it interesting to understand the
amorphous rra-P3HT as well.

RR-P3HT (445703) purchased from Sigma Aldrich [89] Regioregularity:
>90 %,
rra-P3HT (510823) purchased from Sigma Aldrich [89]

2.5.3 Poly(9,9-dioctylfluorene) (PFO)

Formula: (CogHy)n
Poly(9,9-dioctylfluorene) (PFO or PFS8, structure in figure 2.9) is a blue
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Figure 2.9: Chemical structure of Poly(9,9-dioctylfluorene) (PFO)

light-emitting conjugated polymer attracting attention because of its ther-
motropic liquid crystallinity at high temperatures [95] and because of its high
PL efficiency, high charge carrier mobility and good processibility [96]. These
traits make it a good material for organic light-emitting diodes (OLEDs).
The properties of polyfluorenes depend strongly on the choice of sidechains
which make the polymer soluble in many solvents but also provoke steric

effects, pushing the monomers out of coplanarity.

PFO has at least three conformational phases. The a-conformation (tor-
sion angle 135°) and y-conformation (torsion angle 155°) and the nearly
planar -conformation or -phase (torsion angle 165°)[97]. While the torsion
angle of the former two is a statistical value, the S-phase exhibits just one con-
formation. The higher planarity of this S-phase leads to a higher conjugation
length and thus a lowering of the gap of the HOMO-LUMO transition [98].
As a result, excitons get trapped in the S-phase and most of the PL emission
occurs from there even though it is a minority constituent [99] (compare also
section 2.3.1).

For nearly all experiments the PFO samples were kindly provided by the
groups of Prof. Jenny Nelson and Prof. Donal Bradley from Imperial College
London. In the other cases, the PFO powder was provided by Sigma Aldrich
(571652) [89].
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S0aH S04

Figure 2.10: Structure of PEDOT (bottom) and PSS (top). The PSS com-
pensates the charges in PEDOT. (according to ref. [100])

2.5.4 Poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonic acid) (PEDOT:PSS)

Poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(styrenesulfonate)
(PSS) (figure 2.10) form a PEDOT:PSS complex. PSS serves as the nega-
tively charged counterion of the hole conducting PEDOT [100]. PEDOT:PSS
is used for antistatic and conductive coatings. In organic solar cells and or-
ganic light-emitting diodes it serves also as an injection layer [101]. Because
of the water solubility of PSS, PEDOT:PSS can be dispersed well in water
from which it can be directly spin coated. The low solubility in common
solvents for other polymers like chlorobenzene make it very attractive for the
fabrication of multilayer devices from solution. For this work it was used as
a sacrificial layer in the lift-off procedure of the thin films (see chapter 3.1).

PEDOT:PSS in aqueous dispersion was obtained from Heraeus under the
name Clevios P Jet HC.
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“This is indeed a mystery,” I remarked. “What do you
imagine that it means?”

“I have no data yet. It is a capital mistake to theorize
before one has data. Insensibly one begins to twist facts

to suit theories, instead of theories to suit facts.”

3 Arthur Conan Doyle, The Adventures of Sherlock

Holmes: A Scandal in Bohemia

Experimental Details

3.1 Preparation of samples by spin coating

All samples were prepared by spin coating in order to obtain well defined
and reproducible thin films. Spin coating is a simple technique to achieve
homogeneous thin films from solution. For this an excess amount of a solution
is spread over the whole substrate. The substrate is then spun with a certain
rotation speed for a certain time. The centrifugal forces push the liquid
towards and beyond the edges of the substrate leaving a relatively thin liquid
film behind. The remaining liquid evaporates (usually during the rotation
process) resulting in the desired solid thin film. The parameters do not
only determine the thickness of the sample, but also the time given to the
molecules to reorganise and/or phase separate before the solvent evaporates.
In this work usually chlorobenzene was used as a solvent for P3HT and
PCBM. Toluene was used for PFO, and PEDOT:PSS was spin coated from
an aqueous dispersion.

To prepare the substrates for spin coating, microscope glass slides were
fragmented into roughly 25 mm by 25 mm square pieces. They were carefully
scrubbed with soap and water in a first step and then sonicated in acetone

and subsequently in isopropanol each for at least 15 min. The isopropanol
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Figure 3.1: Sketch of the diamond anvil pressure cell. The cell is made out
of two parts each with a diamond. The pressure is applied via the two levers.

was then blown to the edges and dried with nitrogen to prevent the deposi-
tion of unwanted solid substances in the solution (“dirt”) in the isopropanol
(“coffee-stain effect”). Before spin coating of PEDOT:PSS the samples were
left for approx. 10 min inside a UV-oven in order to make the surface more hy-
drophilic. This increases the wetting of the substrate with the PEDOT:PSS
dispersion considerably and facilitates the spin coating. This step had to be
performed just before the spin coating of the PEDOT:PSS, for after about
30min the hydrophilic characteristic of the substrate is slowly lost again.
PEDOT:PSS was usually spin coated with 1500 rpm (rounds per minute) for
90s and put afterwards for about 10 min on a hot stove at approx. 370K
(100°C).

The P3HT samples (pure and blends) were usually spin coated from a
solution with 20g/1 (referring to polymer concentration for blends) with
2000rpm for 90s to 120s without any post-processing. Unless otherwise

stated, the samples were produced with these parameters.

3.2 The diamond anvil cell

In order to apply hydrostatic pressure, a so-called diamond anvil (pressure)
cell (DAC) was used (sketch in figure 3.1) [102]. In this setup the sample
resides in a hole of a metal gasket, which is closed on each side by the flat
face of a diamond. In order for the pressure to be hydrostatic (i.e. without

shear stress) an adequate pressure medium is necessary, which has to be



39

12GPa _ 53GPa
+ 30GPa ' 7.8GPa

T g
21 3
= 2
[1]
E
E |
L=
=
= |
=
&
=

594 596 598

wavlength in nm

Figure 3.2: Representative examples of the shift of the ruby emission peaks
with hydrostatic pressure used for the determination of the pressure; accord-
ing to reference [104]

chosen according to the sample and type of measurement. The pressure
transmitting medium was in nearly all cases a 4:1 methanol /ethanol mixture,
which is a very common pressure medium for room temperature experiments.
It stays liquid up to at least 10.4 GPa [103]. In one experiment, Helium was
filled into the pressure cell, which is a more costly procedure but ensures
that no chemical reaction occurs with the sample, which can be an issue for
polymers under intense illumination. To increase the pressure the diamonds
are mechanically pressed towards each other deforming the metal gasket in
the process and applying pressure to it and, through the liquid, ultimately
to the sample itself. With this setup, pressures up to 25 GPa can be reached,
though we usually did not exceed 10 GPa in the experiments.

For the loading of the pressure cell with the sample, first, the gasket
is indented by the diamonds to around 100 pm thickness and subsequently
a hole is drilled either mechanically or with an electro-discharge-machine
(easyLab Boehler microDriller). The hole diameter is usually between 150 pm
and 300 pm. Then, the sample and a ruby ball are placed on any of the faces
of the diamonds. The hole in the gasket, residing on the lower diamond, is
filled with methanol/ethanol. The pressure cell is quickly closed trapping the

liquid and the sample between the diamonds.

To calibrate the pressure in the DAC, ruby spheres were used according
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Figure 3.3: Sketch of the different steps of loading the pressure cell with the
polymer sample. a) the film is cut into small pieces, b) a liquid is used so
that the polymer detaches from the glass, ¢) the polymer is lifted from the
glass, d) the polymer is put on the diamond face

to the ruby calibration by Mao et al. [104]. The PL of the ruby consists of
a double peak in the red region of the spectrum as can be seen for one of
our measurements in figure 3.2. The one at higher wavelength (at approx.
694.25 nm at ambient pressure and room temperature) is well characterised
for its behaviour under hydrostatic pressure and shows an almost linear rigid
shift towards higher wavelength of roughly 0.35nm/GPa. Thus, for each
pressure, the sample and the PL of the ruby have to be measured in order

to connect the PLL measurement to the inferred pressure.

The diamonds have a very high transmission for visible light and a very
low photoluminescence. Therefore, the sample is accessible for optical mea-
surements such as photoluminescence, Raman measurements and absorption
measurements with very little disturbing influence of the diamonds them-
selves. For Raman measurements the diamond does, however, produce a
strong Raman peak (see chapter 3.3) at about 165.3 meV (1333 cm™!), which
might make the observation of some Raman peaks impossible as this peak
lies close to the peaks of organic materials that are to be investigated. This
is unfortunately the case for PFO. The most pronounced peaks for PSHT,

however, are at higher energies than 171 meV and are not affected.
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3.2.1 Preparation of a sample for the pressure cell

The introduction of the sample into the pressure cell was not straightforward.
For this reason it will be stated here in greater detail what problems arose
and how they were solved or circumvented. The procedure of getting the
thin film from the glass slide onto the face of one diamond is depicted in
the drawings of figure 3.3. The polymer is usually precut to get a small
piece which later can be put on top of a diamond ( drawing (a) in figure 3.3)
Usually a liquid is necessary for the lift-off. The liquid can go between the
polymer and the substrate by capillary forces, and the surface tension pulls
uniformly at the edges lifting the polymer off the substrate (drawing (b) in
figure 3.3). This can be done either with a drop (e.g. ethanol or water) or
by putting the glass slide with the polymer at a low angle into a recipient
(e.g. a petri® dish) and fill it up very slowly (one drop at a time) with water.
With the latter technique the film can also be lifted as a whole, but cutting

the film while it floats would then be a challenge of its own.

After the lift-off one of the floating polymer pieces has to be introduced
into the pressure cell. This was often just done with a needle (see drawing
(c) in figure 3.3). For this a slightly elongated piece was “fished” out of the
liquid from the long end, so that the polymer stuck to the tip of the needle
but hung freely from it. (Note that the film sometimes folded up in case of
very thin samples.) The free end of the polymer could then be put on top of
one of the diamonds (in the experiments, the piston-side for the pressure cell,
see drawing (d) in figure 3.3). A bit of liquid on the diamond can assist the
polymer to unfold again, so that just a single layer is put on the diamond.
Alternatively, tweezers (with a stopper to fix the spacing) can be used, so
that the polymer does not fold up. It is also a good method for samples
which easily break (PCBM), but one has to pay attention not to stretch the

polymer film and thus change its properties.

As the biggest problem in the lifting process is the polymer sticking firmly

to the tweezers or needle, it was tried successfully to do the transfer to the

! Julius Richard Petri (1853, Barmen, German Confederation (today’s Wuppertal, Ger-
many) - 1921, Zeitz, Germany)
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diamond “contactless”. For this method the swimming sample was scooped
up with a little spoon together with the water around it. The polymer was
thus still freely floating. A drop of water was put around the diamond and
the spoon was emptied in this drop together with the sample. After finding
the sample again, which can be surprisingly difficult, one just needs to push
it gently in a position over the diamond face and suck up all the liquid with
a tissue resulting in the film touching down on the diamond face. As the
film is not folded or pulled at during the transfer, it is probably the least
damaging transfer method and always results in a single layer of the polymer

on the diamond.

The biggest problem of this method is to get the sample off the glass
slide used for the spin coating. Usually the polymer sticks relentlessly to
the glass slide and the options of getting it off without destroying the film
are very limited. The cutting can introduce the additional problem that one
squeezes the polymer onto the glass along these lines, making it even harder
to get any piece off. The thin polymer films are so ductile that pushing the
polymer off the sample with a blade only folded it up and it stuck then to
the blade. PFO is not very sticky and in the form of a thick film is also more
rigid than thin films, and it was therefore easy to transfer the PFO film into
the pressure cell in the described manner. For P3HT no way was found to
liftt P3HT off the glass. Sonicating the sample destroyed it, cooling it under
the glass temperature in order to make the polymer more brittle (to prevent

folding and lessen its stickiness) showed no effect.

For these challenging P3HT and PCBM samples a PEDOT:PSS sacrificial
layer was spin coated first on the glass slide as described in chapter 3.1. The
layer is insoluble in chlorobenzene and thus the subsequent spin coating of
P3HT or PCBM in chlorobenzene is not expected to affect the PEDOT:PSS
underneath. The PEDOT:PSS layer was used to assist the lift-off in a water
bath, which worked perfectly even for precut samples. However, PEDOT:PSS
forms a dispersion in water and isopropanol, and PEDOT:PSS is not actu-
ally solved in the water bath. As will be seen in the presentation of the
results, PEDOT:PSS remained stuck to the sample even with the help of

some isopropanol and a short treatment in an ultrasonic bath. This method
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is therefore not perfect but was the best compromise for the presented chal-
lenge.

For all methods involving water one should carefully remove all water and
allow enough time for drying, preferably in a desiccator, before closing the

pressure cell.

3.3 Raman scattering

The Smekal-Raman? effect describes the inelastic scattering of a photon
under the emission or annihilation of phonons. Apart from elastic scat-
tering (Rayleigh®-scattering) the photon can also lose energy and create a
phonon/phonons (Stokes-shift) or gain energy from a phonon/phonons (Anti-
Stokes-shift). Raman scattering is not an absorption-emission process as the
light does not need to promote an electron to an excited eigenstate, but it
is sufficient that the light distorts the electron cloud while passing by, bring-
ing the molecule to a higher energetic state (which is often called “virtual
state”) [105]. In this picture, Rayleigh scattering happens when the electron
cloud relaxes elastically to the ground state whereas in Raman scattering
the nuclei move, thus gaining or losing energy to the scattered light [105].
The energy shift is a measure of the phonon energies of the system and
usually does not depend on the used laser light (with seeming exceptions
when selected parts of the sample dominate the spectrum because of reso-
nance Raman scattering [106-108]). Not all vibrations are accessible with
Raman scattering but only those which change the polarisability with the
movement of the nuclei. Since the energy changes are very small and the
Rayleigh-scattering intensity high (about 10° — 10® times higher than Ra-
man scattering), the Rayleigh scattered light has to be suppressed (e.g. by
edge filters) in order to observe the Raman peaks.

For the measurements a Jobin Yvon LabRam HR 800 system with two

2Adolph Gustav Stephan Smekal (1895, Wien - 1959, Graz); Chandrasekhara Venkata
Raman (1888, Tiruchirappalli, India - 1970, Bangalore)

3John William Strutt, 3rd Baron Rayleigh, (1842, Langford Grove, England - 1919,
Witham)
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Figure 3.4: Sketch of the set-up for the Raman measurements. The light
from one of the lasers is focused on the sample and the scattered light is then
detected by a cooled Si charge couple device (CCD).

holographic edge filters and a liquid nitrogen cooled silicon charge couple
device (CCD) detector was used. As edge filters are approximate low-pass
filters only the Stokes-shift is accessible with this set-up. In figure 3.4 a sketch
of the set-up and the path of the laser and scattered light is shown. Four
different wavelengths from three lasers are available for Raman Spectroscopy:
2.54eV (488 nm) and 2.41¢eV (514nm) from an argon laser, 1.96¢eV (633 nm)
from a Helium-Neon laser and (not shown) 1.58 eV (785 nm) from a solid state
laser. Additionally, there is a solid state laser with an emission at 3.06 eV
(405nm). The light from the laser is reflected by an edge filter and focused by
a confocal microscope on the sample. The scattered light is reflected into a
spectrometer after being filtered by two edge filters to suppress the Rayleigh
scattered light.

Usually very low light powers (for the 2.41 ¢V line of the Ar laser around
100 pW for PL, around 1 mW for Raman) were used in order not to damage
the sensitive organic samples. In all pressure measurements and most of the
others a 20x objective was used which gives a spot size of a few micrometres.
The sample was measured either in the pressure cell, in vacuum in a cryostat
or under a nitrogen atmosphere so as to prevent photooxidation as much as

possible.
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Figure 3.5: Sketch of the lab used for absorption measurements under pres-
sure and some PL measurements.

3.4 Photoluminescence and absorption

In PL measurements a laser excites the sample and the resulting photon
emission is measured usually in a backscattering configuration. The laser
energy has to be chosen according to the absorption of the material but
in general does not influence the resulting shape of the PL spectrum very
much as the exciton relaxes after the absorption to a low energy state (see
chapter 2.3.1).

The PL measurements were performed in two different set-ups. One was
the Raman set-up described in the previous section and shown in figure 3.4.
In order to measure the whole visible spectrum, several measurements have
to be taken and stitched together, which is automatically done by the mea-
surement software. The advantage of this set-up was that many lasers were
available and the horizontal fixation of the sample on a stage or microscopic
table, which facilitates the measurement with a cryostat under vacuum con-
ditions and at low temperatures as well as the measurement in a nitrogen
atmosphere. The disadvantage of the system is that the stitching of the dif-
ferent measurements does not work perfectly and sometimes introduces small
peaks in the transition zone between two measurement windows.

A sketch of the other set-up is depicted in figure 3.5. It has just one solid
state laser (3.06€eV). The light from the laser is coupled into the system by
a dielectric filter, which reflects the laser light but lets through the emitted
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light at longer wavelengths. The emitted light is focused into a glass fiber
which leads to a single grating spectrometer with a Peltier* cooled silicon
CCD-detector. The measurement of a spectrum consists also of a series of
windows, which are not changed by the measurement software (no automatic
stitching of the spectra).

For absorption measurements, the light emitted by a halogen or a Xe
lamp (6263 75W Xe Ozone free) is measured in transmission once through
the sample and once without a sample as a reference. For this, the light
is transmitted through a pinhole, which is projected onto the sample and
focused by the next lens onto a second pinhole. That pinhole should be
of equal size or smaller than the image of the first pinhole in order to just
select the direct light ray. That light is then coupled into the glass fiber.
The second pinhole, however, was not used in the measurements, for it intro-
duced a change in the form of the measured spectrum because of chromatic
aberration.

For measurements of P3HT, the halogen lamp was preferred, as the spec-
trum of the Xe lamp has many disturbing high intensity peaks, especially
below 1.6eV. But as the Xe lamp has a higher intensity for high energies
(noticeably over 2.5¢V it was used for measurements of PFO and PCBM.

A SOPRA GES5E ellipsometer was also used for transmission measure-
ments with solutions and on glass slides under ambient conditions. It uses
a Xe lamp and records the spectra with a CCD. The measurements were

performed in air in a clean room.

3.5 Ellipsometry

Ellipsometry is a technique that measures the polarisation changes of light
upon reflection on a sample. This can be used to gain insight into the prop-
erties of the sample such as composition, film thickness and the complex
refractive index. Typically, linearly polarised light from a wideband light

source is reflected for a well defined incident angle at the sample, resulting,

4Jean Charles Athanase Peltier (1785, Ham, France - 1845, Paris)
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in the most general case, in elliptically polarised light, hence the name el-
lipsometry. The reflected light intensity is measured after passing through
a rotating linear polariser (analiser). This makes it possible to obtain the
parameters ¥ and A, which describe the ellipsis of the electric field vectors
of the reflected light. From this the complex ratio p of the reflected light
intensities for p-polarised light, 7,, and s-polarised light®, r, can also be

obtained. The relation between these parameters is described by

p=-_—"= tan(W) exp(iA).

¥ and A form the actual raw data that is obtained in an ellipsometric mea-
surement. Only in the case of a isotropic, homogeneous semi-infinite sample
does an analytical relation to the complex refractive index n = n + ik exist
(k is called extinction coefficient). In all the other cases, an inversed method
is used, for which a layer-model of the sample has to be designed to calculate
the theoretical ¥ and A values as a function of the angle and the energy
(wavelength). The parameters of the model are then iteratively modified
until the best fit is achieved.

In the performed measurements, a CCD detector records the whole op-
tical spectrum from about 1.2eV to 5.6eV. The measurement is usually re-
peated for multiple angles in order to enhance the accuracy of the results[109].
These so-called variable angle spectroscopic ellipsometry (VASE) measure-
ments were performed with a SOPRA GES5HE rotating polariser ellipsometer

and a Xe lamp as a light source in a clean room.

5 stands for senkrecht meaning perpendicular in english, p stands for parallel. They
refer to the polarisation of the electric field with respect to the plane of incidence, which
is spanned by the normal of the sample surface and the incident light ray.
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Algernon: “I hear her hair has turned quite gold from
grief.”
Lady Bracknell: “It certainly has changed its colour.

From what cause I, of course, cannot say.”

Oscar Wilde, The Importance of Being Earnest

4

Planarity and dielectric
constant: PFO

In this chapter the measurements with poly(9,9-dioctylfluorene) (PFO)
are discussed. The purpose of the investigation of PFO was to elucidate the
role of planarity and the refractive index on the optical properties. This was
done by the measurement of the absorption and photoluminescence (PL) of
PFO films under hydrostatic pressure. Especially the red-shift of the absorp-
tion and PL under hydrostatic pressure is discussed. The main parameters
which are used to explain the changes in the absorption and emission energy
of the polymer are i) bond length, ii) the molecular conformation influenc-
ing bends and torsion between monomers, iii) interchain interactions and
iv) the dielectric environment. This has been described in greater detail in
chapter 2.4.1.

As described in chapter 2.5.3, PFO has different conformations with dif-
ferent planarity of the backbone. We investigated two samples of PFO, which
we received from our collaborators at Imperial College London. One con-
tained only the glassy phase of PFO and the other additionally the S-phase
and is thus termed glassy+/ sample. Glassy refers to the o phase, which has
a higher conformational disorder with high torsion angles (around 135°) [98].

As will be seen, the v phase, which refers to conformations with a torsion
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angle around 155°, plays no role for these samples. It usually appears just
through thermal cycling at around 420K [110] . Higher planarity of the
[-phase results in a higher conjugation length and thus a lower gap of the
HOMO-LUMO transition than in the glassy phase. As a result, excitons get
trapped in the g-phase and most of the PL emission occurs from there even
though it is a minority constituent [111, 112]. This enables to compare the
high pressure changes of both phases unambiguously by measuring the PL

for both samples.

In order to discuss the influence of the dielectric environment on these
absorption and PL spectra, the refractive index of PFO under pressure was
determined with an interferometric method. The light passing through the
diamond anvil cell (DAC) in the transmission measurements gets reflected
multiple times between present interfaces, which is called a Fabry-Pérot!
etalon. The reflections lead to an interference pattern in the spectrum. The
interference pattern in the spectrum is dominated by the reflections between
the diamond faces and the reflections inside the sample. But as the former
has a much higher frequency they are easily distinguishable. An analysis of
the interference maxima allows for the determination of the optical path of
the PFO film (for the wavelengths of the maxima) and ultimately also of the
refractive index. As the film has to be several micrometres thick in order to
get many interference maxima, the film has to be clear and highly transpar-
ent. PFO is transparent in most of the visible spectrum and the scattering
inside the sample was minimised by the novel sample preparation method
used at Imperial College London. Not only could they control well the for-
mation of the S-phase but also suppress the formation of crystallites in both
the purely glassy sample and the glassy+( sample [113], which can act as

scattering centres. This makes this the ideal polymer for both investigations.

!Maurice Paul Auguste Charles Fabry (1867, Marseille, France - 1945, Paris); Jean-
Baptiste Alfred Pérot (1863, Metz, France - 1925, Paris)
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Figure 4.1: Photoluminescence and absorbance spectra for the glassy and
the glassy+( sample at ambient pressure. The intersection of the straight
lines (for glassy+ sample) show how the position of the absorption onset
was determined.

4.1 At ambient pressure

Figure 4.1 shows the absorbance and PL spectra of both the glassy sample
and the glassy+/ sample for ambient pressure after spin coating. The ab-
sorbance spectra show a sharp increase at high energies above which virtually
no light passes through the samples, as they are much thicker (=~ 3 pm) than
the penetration depth (T 200nm). This absorption onset is formed by the
0-0 Franck-Condon transition, during which an electron is lifted from the
HOMO- to the LUMO-level forming an exciton in PFO. The 0-1 and higher
vibrational transitions, for which additionally phonons are created, lie at
higher energies and influence these spectra only marginally. The absorption
onset of the glassy+/ sample is at lower energies than the glassy sample
because of the absorption due to the S-phase [98]. Additionally, one can
see an interference pattern in the transparent region caused by the Fabry-
Pérot etalon of the PFO film. We will come back to the analysis of this
pattern later for the determination of the refractive index. The PL spectra
exhibit several well defined peaks due to Franck-Condon transitions (though

some of them at longer wavelengths are again caused by the etalon). The
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Figure 4.2: Examples for Raman measurements of PFO at ambient temper-
ature and at 77 K.

0-0 peaks are approximately at 2.93eV (423nm) for the glassy sample and
2.82¢eV (440nm) for the glassy+3 sample, which is indicative for the pres-
ence of the S-phase [99]. The spectra show that the glassy sample consists
of pure a-phase, for no peaks attributable to the y-phase or S-phase can be
observed [97]. The Franck-Condon peaks from the glassy phase in the PL
of the glassy+/ sample are low in intensity or missing altogether as most
excitons will be trapped in the low energy S-phase and decay there. The 0-0
PL peak lies within the absorption region, which leads to a smaller or even
slightly cut (glassy sample) emission peak caused by self-absorption. The
emitted photons from the 0-0 transition stem thus most probably from the
surface of the sample, while the other transition peaks can stem also from

parts deeper inside the sample.

For the fit of the PL spectra, it is conducive to know more about the
phonons which couple to the electronic states. For this the vibrational Raman
spectra of the samples were measured under vacuum conditions in a cryostat
from ambient temperatures down to 77 K. In figure 4.2 the Raman spectra for
both the glassy sample and the glassy+/3 sample are shown. Both samples
have a very similar spectrum with very similar intensities of the Raman

peaks. The spectrum exhibits very prominently a peak at 199 meV and a
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Figure 4.3: PL of the glassy+/3 PFO sample in a cryostat at ambient tem-
perature and at 77 K both with fits of the Franck-Condon emission.
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Figure 4.4: PL of the glassy PFO sample in a cryostat at ambient tempera-
ture and at 77K

group of peaks at around 150 meV to 170 meV. The former was assigned to a
symmetric ring stretching mode and the latter modes are connected to C-C
stretching modes between the phenyl rings both in the same monomer and
connecting two monomers [64, 114]. With lower temperatures a small shift
of approx. 0.3meV to 0.4meV to higher energies is observed, but otherwise
the Raman spectra remain mostly unchanged.

In figure 4.3 the PL emission of the glassy+/ sample for ambient tem-
peratures and 77 K are shown together with fits of the spectra. In figure 4.4
the PL emission of the glassy phase is shown at ambient temperature and at
77 K. The most obvious change in these spectra is the narrowing of the emis-

sion peaks, which in the glassy+/3 sample reveals a fine emission structure.
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Figure 4.5: 0-0 emission peak position versus temperature for the glassy+/
sample (for both the glassy and the -phase) and the glassy sample.

The same emission is probably also present in the glassy sample, but can-
not be resolved because of the broader distribution of conjugation lengths,
which smears out the emission spectrum. The disorder of the torsion angle
between monomers, which causes the distribution of conjugation lengths, is
to a certain degree frozen-in. However, the torsional disorder is also tem-
perature dependent. The narrowing of the emission peaks can be explained
with the freezing out of the torsions of the backbone [39]. This increases the

order in the polymer backbone and thus leads to a narrower energy distribu-
tion [115, 116].

For the glassy+/ sample, a very good fit could be achieved, for which two
Franck-Condon series were used, one for the S-phase and one for the glassy
phase emission. Especially at 77 K the emission peaks from the glassy phase
can be unambiguously identified in the spectrum. Probably some excitons
get trapped in a low energy region of the glassy phase. It could also be
an indication that bigger areas without g-phase exist in the sample so that
they lie outside the diffusion length of some excitons created in the glassy
phase. As the diffusion between chromophores of similar energy is assisted by
thermal energy [117], this is more likely to happen at low temperatures. For
the spacing between the emission peaks two main branches of the phonon
spectrum are responsible. They stem from the just-mentioned stretching

modes, and the best fit was achieved with an energy of 157 meV for the [
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branch (C-C stretching modes) and 199meV for the [y branch (symmetric
ring stretching mode). Accordingly, the 0-1 peak is split into two peaks
and the 0-2 in three peaks, for additional to the 23, and 253, peak also the
combination 3 + (B, exhibits a peak. Higher orders cannot be distinguished
in the spectra because of the low intensity and the disturbing interference

peaks from the Fabry-Pérot etalon.
The position of the 0-0 emission peaks of the glassy and the glassy+/

sample extracted from the fits is plotted versus the temperature in figure 4.5.
All peaks shift approx. 30meV to 40 meV to lower energies. Campoy-Quiles
et al. estimated the expansion coefficient for PFO below the glass temper-
ature to be approx. 1.5 x 107 K~! [118]. This was not measured at cryo-
genic temperatures but for polymers the expansion coefficient is very little
temperature-dependent for temperatures above 70K [119]. With a temper-
ature change of approx. 210K this results in a 0.3 % thickness change and
an approximate red-shift per thickness change between 10.7nmnm~!eV and
12.3nmnm~'eV. It will be shown later that that this is about four times
the value obtained from pressure experiments. The density change with tem-
perature is similar to what happens at low hydrostatic pressure. But while
in pressure experiments the external force pushes the still vividly-moving
polymer chains together, at cooling the polymer film, the rotations of the
backbone are frozen out and the van-der-Waals forces can attract the poly-
mer chains more efficiently without their movements. The pressure necessary
to evoke the same thickness change in the PFO film as by the temperature is
below 0.1 GPa. The results suggest that not the intermolecular distance (film
thickness) is the important parameter for the red-shift but the molecular con-
formation, i.e. an increased planarity of the molecules, as otherwise a similar

thickness change would have resulted in a similar slope for the red-shift.

Note here that in other examples a shift to higher energies is expected for
cooling as has been calculated by Guha et al. [60]. This is connected with a
change in the torsion potential of the molecule, which is W-shaped (the local
maximum of the W being 0° torsion angle - the planar molecule). In this case,
the molecules assume at low temperature a torsion angle in one of the two

W-minima, while at elevated temperatures the local maximum and thus a
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Figure 4.6: Representative spectra of the PL of the glassy+/3 sample under
high pressure (solid lines) and their fits (broken lines). The curves with the
striped area underneath represent the Franck-Condon emission fit and the
other one the background emission due to defects and excimers. The arrow
on the right is a guide to the eye for the shift of the 0-0 emission peak.

more planar conformation can be reached. However, these calculations were
done for polymers without any sidechains [60, 67] and the torsion potential
is qualitatively very different when steric effects of sidechains are introduced
into the system. This is not only an important difference for these low
temperature experiments but also for the high pressure experiments for which
in Guha’s model (without sidechains) also a planarisation under pressure

occurs. This will be discussed in the following section.

4.2 PL and absorption under pressure

Figure 4.6 shows representative PL spectra of the glassy+/ sample under
hydrostatic pressure together with the fits. The Franck-Condon peaks red-
shift and get quenched. Additionally, a strong background emission, often

called “green band” [120, 121], appears under pressure, which is believed
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to stem from structural defects (keto-defect) and excimer emission in the
polymer [41, 64, 121]. In order to determine the energy of the transitions in
PFO, a Franck-Condon series was fitted with 5 Gaussian? curves (for the 0-0
to 0-4 transitions) with a fixed spacing. As the two main branches of 199 meV
and approx. 157meV are smeared out and not always easily observed at
high pressures, the PL spectra were fitted with an effective phonon energy
of around 182meV for the glassy and 163meV for the glassy+( sample.
The background emission was taken into account for the fit as well. For
this purpose the form of the background emission was modeled for the PL
spectrum at the highest pressure, for which the Franck-Condon emission is
virtually entirely quenched. For all the fits this background curve was allowed
to shift in energy and change in intensity maintaining its shape. This model
allowed for very good fits of the experimental spectra over the whole pressure
range and gave additional information about the changes of the background
emission under pressure.

The fits in figure 4.6 clearly show that the Franck-Condon peaks strongly
decrease in intensity while the background emission increases very fast.
Within 0.5 GPa the background signal reaches its maximal intensity. As
mentioned, quenching of the Franck-Condon type PL under pressure is a
common phenomenon amongst organic molecules. One possible reason for
this behaviour is a decrease in the oscillator strength of the Franck-Condon
type emission, which results in other decay channels taking over. The strong
increase in the defect/excimer emission, however, is probably mainly caused
by the higher exciton mobility at smaller intermolecular distances, which in-
creases the likelihood of the excitons being trapped at the keto-defects [64].
Additionally, the background emission may increase in intensity as excimer
emission becomes more efficient at smaller interchain distances [37]. There-
fore, the increase in the defect/excimer emission is a good indicator for in-
creased interchain interaction. It is also interesting to note that the de-
fect /excimer emission shifts under pressure to lower energies, though clearly
less than the Franck-Condon emission. While it is difficult to extract ex-

act numbers for the shift from the fit, we can at least roughly estimate that

2Johann Carl Friedrich Gau3(1777, Braunschweig, Germany - 1855, Gottingen)
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Figure 4.7: a) 0-0 emission peak position and absorption onset energy for
the glassy and the glassy+ 3 sample under hydrostatic presure; b) the energy
difference between both emission peaks and both absorption onsets, which is
connected to the energy change caused by planarisation

the maximum of the background emission red-shifts from 2.48 eV for ambient
pressure (in accordance with ref. [121] for a low concentration of keto-defects)
by approx. 140meV to 180 meV up to 8 GPa.

Figure 4.7 shows the result of the fit of the PL spectra and of the determi-
nation of the absorption onset for the glassy and the glassy+/3 sample. One
should note that the absorption onset is not the centre of the 0-0 absorption
peak but lies at slightly lower energies. It was determined by the intersection
of two straight lines marking the saturated absorption and slope as shown
for ambient pressure in figure 4.1. The samples exhibit a very strong red-
shift for both absorption and PL over the whole pressure range. The PL
spectrum at a pressure of about 8 GPa for the glassy sample appears approx.
275 meV shifted towards lower energies as compared to ambient pressure; for
the glassy+/( sample approx. 225meV. The shift of the absorption onset,
especially for the glassy+/3 sample, is very similar to the shift of the PL.
The slightly stronger shift of the absorption onset compared to the 0-0 PL
emission in the glassy sample is probably partly caused by the broadening of
the peaks under pressure.

In the discussion about the possible causes of the observed shift, we shall
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begin with the change in bond lengths ((i) in figure 2.6). According to
reference [66] the red-shift caused when shortening the inter-ring bond length
is roughly 50 meV /pm in poly(para-phenylene) (PPP), supposedly explaining
solely the observed red-shift. However, according to other calculations of the
same group, the oligomer para-terphenyl (3P) was shown to change the bond
length just by approx. 0.18 pm/GPa [68] - much less than assumed for the
caused red-shift. Combining the two papers one can estimate a shift of around
9meV /GPa or 70 meV at 8 GPa for phenyl based compounds. Because of the
similarity of the inter-ring bond of the calculated molecules and of PFO it
stands to reason to assume that the order of magnitude is comparable for
these molecules. The shift is even likely to be smaller in PFO as it consists
of fewer of these soft inter-ring bonds between monomers than PPP. We
conclude that the bond length change does contribute to a certain extent,

but can hardly explain the magnitude of the total red-shift observed.

The second parameter likely to cause the red-shift is the planarisation ((ii)
in figure 2.6). The [-phase is already at ambient conditions nearly planar and
even if further planarisation occurs, the change in the conjugation length with
respect to the already extended chains is probably a minor one. Therefore,
the difference between the shift of the glassy sample and the shift of the
glassy+/ sample shows directly the red-shift caused by planarisation in the
glassy phase.

Up to 8 GPa the glassy PL shifts roughly 50 meV more than the PL of
the S-phase. With an upper limit of approx. 120 meV (difference of glassy-
phase to S-phase emission at ambient pressure) this means that the molecule
actually does not planarise completely. It is sometimes claimed that com-
plete planarisation happens within 1 GPa to 2 GPa [60, 67, 122, 123], while
the shift which we assign to planarisation is in fact very small in the first
gigapascal and seems to contradict this assumption. This is in agreement
with the observation of Paudel et al. [40]. It is possible that the sidechains
which prevent a planarisation at ambient pressure also impede an efficient
planarisation under high hydrostatic pressure. The major difference which
causes the f-phase to be more planar than the glassy phase under ambient

pressure is a different conformation of the sidechains [97], which is not likely
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to change under pressure. Oligomers without sidechains, as in most examples
for which planarisation under pressure has been suggested, might therefore
behave quite differently under pressure, which reconciles the seeming contra-

diction.

4.3 Refractive index and interchain interac-

tion under pressure

In order to estimate the effect of the dielectric environment on the red-shift
((iv) in figure 2.6), we need to determine first how this parameter changes.
To achieve this, the interference pattern in the transmission measurement
caused by the Fabry-Pérot etalon are analysed. The light passing through the
diamond anvil cell gets reflected multiple times between present interfaces.
For the analysis of the polymer refractive index, the reflections between the
two polymer surfaces are important. The reflections lead to an interference

pattern in the spectrum, which gives a maximum for

M)\M = 2nd,

where \j; is the wavelength of the maximum with index M, n the refractive
index at \j; and d the thickness of the film. In order to have many and well
resolved maxima, the optical path has to be much longer than the wavelength
of visible light, i.e. several micrometres.

In the transmission measurement, only \j; is measured, but with the
help of a known refractive index for ambient pressure (here measured with
ellipsometry) one can determine the indexation M and the thickness d as
well. As during the pressure changes the interference peaks move, one has to
pay great attention not to lose the indexation. The remaining problem under
pressure is that only the wavelength-dependent optical path nd is known for
each pressure. So it is usually necessary to know how the thickness changes
as well. While for many inorganic materials even the assumption of virtually
no change in thickness might get a reasonable approximation, for soft matter

one always has to take the thickness change into account. We will therefore
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Figure 4.8: Refractive index and extinction coefficient for the glassy sample
and the glassy+/ sample as determined by ellipsometry. For the glassy
sample the refractive index determined by the Fabry-Pérot analysis is shown
as well.

first determine the optical path and then the thickness change.

In order to determine the optical path under high pressure the two sam-
ples were measured as a reference with ellipsometry under ambient pressure?.
In figure 4.8 the resulting refractive index and the extinction coefficient for
the glassy and the glassy+( sample are presented. The refractive index has
an asymptotic behaviour for longer wavelengths, with virtually no difference
between the two samples. The behaviour close to the band gap, on the other
hand, is clearly different due to the additional S-phase in the glassy+/ sam-
ple, which causes the small peak of the 0-0 absorption at 2.88eV (430 nm)
in the extinction coefficient and the corresponding increase in the refractive
index of that sample. The difference in the extinction coefficient and in the
refractive index are relatively small, showing that the S-phase is, as expected,
a minority constituent.

For the measurement of the etalon interference maxima a glassy sample

was used in order to get the widest possible transparent region. The glassy+/

3data from the same samples taken from reference [113]
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Figure 4.9: a) Representative transmission measurement of PFO with in-
terference pattern. The high frequency oscillation stems from reflections
between the diamond faces, the low frequency oscillation stems from the re-

flection between the polymer surfaces. b) Movement of interference maxima
(from the polymer surfaces) with pressure.
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sample will most probably have a very similar change of the refractive index
in the transparent region under high hydrostatic pressure. The measurement
requires a much higher control of the experimental conditions than for the
previous absorption and PL measurements. As the low refractive index con-
trast between polymer and the alcohol pressure medium results in a very
weak reflection at the interface, it is important to have a very smooth sur-
face in order to optimise the signal. Since the sample thickness can change
slightly laterally, it was of paramount importance to remain with the focused
light spot exactly on the same position of the sample; otherwise the small
lateral thickness changes will introduce misleading shifts of the interference
peaks. First, the piece of the glassy sample was measured with the nearly
closed pressure cell in air. Then, the alcohol was introduced and the pressure
cell was closed. As the sample did not move, the spot position was virtually

unchanged.

Figure 4.9 (a) shows representative transmission spectra for this glassy
PFO sample. The graphs show the already discussed shift of the absorp-
tion onset and, in the transparent region, the shifts of the interference peaks
(marked with arrows). The high frequency oscillation stems from the dia-
mond surfaces which are at the beginning of the experiment approximately
100 pm apart. With the help of the ellipsometry data we determined the
indexation of the interference maxima and the thickness d at the spot size
(2924 nm). The evolution of the position of the indexed maxima with pres-
sure is shown in figure 4.9 (b). The maxima far away from the absorption
region move constantly to shorter wavelengths, while close to the band gap
they are “pushed” away towards longer wavelengths, as the band gap red-
shifts.

For a quantitative analysis of the optical path an estimate of the change
in the thickness d is necessary. A very simple but efficient method is to
observe with a camera the change in the lateral dimensions. The changes
in the width of a soft material like a polymer are easily detectable with an
optical microscope. As throughout the determination of the refractive index
this method assumes an approximately isotropic behaviour of the optical and

mechanical properties of the polymer under hydrostatic pressure.
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Figure 4.10: a) Representative photographs of a PFO piece under hydrostatic

pressure; b) brightness profiles of a diagonal in the photos used to determine
the exact size of the polymer piece (shifted for clarity)

Figure 4.10 (a) shows three representative photos taken of the polymer
piece inside the pressure cell at different pressures. On the lower left, the
ruby crystal for the pressure determination can be seen. The lines mark
the diagonals which were measured to estimate the area and thus the density
change of the piece from the geometrical mean value. With the assumption of
isotropic behaviour the change in area directly gives the change in thickness
and volume as well, and the density change is simply the reciprocal volume
change.

The curves in figure 4.10 (b) are profiles of the intensity/brightness of
the photos along one of the diagonals. The outer transition from the dip
to a constant brightness was defined as the border of the polymer piece.
Figure 4.11 (a) shows the estimated (normalised) thickness change of the
PFO sample under hydrostatic pressure. To fit the data, the Murnaghan*

equation of state was used

4Francis Dominic Murnaghan (1873, Omagh, Ireland - 1976, Baltimore, USA)
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Figure 4.11: Various parameters for PFO versus pressure. a) normalised
thickness, b) refractive index, ¢) polarisability and d) oscillator strength

d(p) = do(1 + Bé/Bop)_l/(gBé)7

where p is the pressure, By is the bulk modulus at ambient pressure, Bj, its
derivative and dy the thickness at ambient pressure (set to 1 in the graph).
We estimated the free parameters to be By =7.5GPa and B, = 9.5, which
fit the measured points well and are in accordance with typical values for
polymers [124, 125]. The hard and soft limit marked by the dotted lines
were chosen as a confidence band. The total thickness change up to 8 GPa
is about 8 %.

As mentioned before, nd can be calculated from the positions of the inter-
ference peaks A\ys (as shown in figure 4.9 (b)) and with the known thickness
change it is now possible to calculate the refractive index from the trans-
mission data. Figure 4.12 shows the measured refractive index of PFO for
various pressures up to 7.9 GPa. The refractive index shifts to lower energies

and increases with pressure.
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Figure 4.12: Examples for the change of the refractive index of PFO under
hydrostatic pressure as determined by the transmission measurement; the
dashed lines are Sellmeier fits for 0 GPa and 7.9 GPa.

In order to understand in greater detail the roles of the band gap shift and
the density increase on the measured n values, we have analysed the data
using the Sellmeier® equation describing the refractive index based on the
Lorentz® oscillator model, with one oscillator representing the 0-0 transition
centred around the band gap and one constant background for the transitions
at higher energies (an oscillator at infinity). This resulting Sellmeier equation
reads:

712 =1+ Cle_l)\z + B27
where By, By and (' are fitting parameters. For a reliable fit, C;, which
is the square of the 0-0 transition wavelength, had to be fixed. For this
purpose, the refractive index of the ellipsometry measurement of the glassy
sample (figure 4.8) was fitted with the Sellmeier equation. We obtained a
value of 389nm ( 3.19¢V) for the 0-0 transition wavelength. For the mea-

®Wolfgang von Sellmeier (born 19th century, German Confederation)
SHendrik Antoon Lorentz (1853, Arnhem, Netherlands - 1928, Haarlem)
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surements under pressure it was assumed that the 0-0 absorption transition
shifts parallel to the 0-0 PL transition (figure 4.7), leaving B;, Bs as the
fitting parameters. The dashed lines in figure 4.12 are fits for 0 GPa and
7.9 GPa. The form of the curve stays almost the same under high pressure
and the two main effects are the shift of the band gap to longer wavelengths
(connected to C7) and the increase in high frequency components (Bs,).

In figure 4.11 (b) the refractive index obtained from the fit is plotted
versus pressure for two wavelengths, one very close to the band gap (485 nm
(2.56¢eV)) and one far away (800nm (1.55e¢V)). While the former has a
constant strong shift because of the influence of the shifting band gap, the
latter changes just about 0.08 up to 7.9 GPa. Additionally to the refractive

index, the polarisability can be estimated from the Lorentz-Lorenz’ equation.
(n* —1)/(n* +2) = pP,

where P is the polarisability (or proportional to it to be exact). The po-
larisability, on the other hand, depends, according to the Lorentz-oscillator
model, on the oscillator strength of the optical transitions. With the same

model as for the Sellmeier equation one can write

P o Jo
1239.842(1/A2 — 1/2)

+f17

where \q is the centre of the 0-0 transition and fj, f; are fitting parameters
proportional to the oscillator strength of the transitions. )\ is the same as
V/C; from the Sellmeier equation and was fixed in the same manner for the
high pressure fits. The values of the fits for the polarisability are shown fig-
ure 4.11 (c) and for the oscillator strength in figure 4.11 (d). The decreasing
oscillator strength results in a strong drop of the polarisability, which coun-
teracts the increase in the refractive index caused by the strongly increasing
density. Altogether, this results in only a very small increase of the refractive
index in the transparent region.

This behaviour is completely different from that of inorganic materials

"Ludvig Valentin Lorenz (1829, Helsinggr, Denmark - 1891, Frederiksberg)



68

wavelength in nm
600 500 400

absorbance

energy in eV

Figure 4.13: Examples for absorbance for a thin layer of PFO under hydro-
static pressure. The fit for 0.2 GPa and 7.8 GPa are shown as a thin solid
line. The Gaussian function for the description of the 0-0 transitions from
these fits are shown as the dashed thick lines.

for which the oscillator strength commonly increases with pressure (e.g. in
GaAs [126]). This is especially surprising as the oscillator strength® in these
cases is inversely proportional to the band gap; i.e. for the observed red-
shift in polymers an increasing oscillator strength would be expected, unless
the matrix element for electron-photon interaction overcompensates the de-
creasing band gap. We therefore tested, whether this decrease in oscillator
strength can be seen in a lower absorbance value as well. For this purpose
we measured the transmission of a much thinner PFO film, which was fab-
ricated by spin coating from a toluene solution (8g/1) on glass, in order to
have non-saturated spectra and thus quantify the absorption. Some exam-
ples of the absorbance with the corresponding fits with Gaussian functions
are shown in figure 4.13. Since the sample is thin no interference peaks can
be seen this time, and it is possible to see a slight broadening of the spec-

trum. In order to make the fit more reliable, the width of the peaks and the

8The oscillator strength is written as f = |M|?/(mohw), M is the matrix element for
electron-photon interaction, mg the free electron mass and fw the energy of the transi-
tion [126].
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distance between the peaks were kept constant and the Gaussian peaks were
again assumed to shift parallel to the 0-0 PL transition (figure 4.7). The
absorbance is proportional to the thickness and the absorption coefficient.
The absorption coefficient is proportional to the oscillator strength of the
transition. Therefore, to compare the oscillator strength with the absorption
measurement, the area of the 0-0 transition peak in the absorbance was di-
vided by the thickness of the sample. The resulting values (normalised to the
fo value at the lowest pressure) are shown together in figure 4.11 (d). Even
though the two curves were obtained in a very different way, they coincide

nicely, which gives strong confidence in the performed analysis.

We continue the discussion with the effect of the dielectric environment
((iv) in figure 2.6) on the PL spectra. The small increase in the refractive
index from 1.7 to 1.78 can affect both the polarisation energy (leading to a
red-shift in the PL) and the exciton binding energy (leading to a blue-shift).
For PFO very different values for the exciton binding energy at ambient pres-
sure have been reported: 0.3 ¢V from reference [127] and 0.5¢V to 0.7 ¢V from
reference [128] from experimental studies and a very high calculated value
of 1eV from reference [129]. The exciton binding energy is proportional to
e 2 ~ n~* [130] which for our measurement results in a change in the exciton
binding energy of roughly 20% for a pressure of 8 GPa. Disregarding the
calculated value of reference [129], we estimate a change in exciton binding
energy between 60 meV and 140 meV. However, the same change in the global
refractive index resulting from the pressure increase can be easily achieved
by mixing the polymer with materials with a higher refractive index. For
different polymers this has been done and no big shift of the polymer PL
compared to the pure polymer was observed [131] (see also chapter 6.2).
This can indicate that the red-shift caused by the polarisation energy and
the blue-shift caused by a decreased exciton binding energy cancel each other
out. This can be understood because the mechanism of the polarisation of
the environment due to the exciton is very similar for both effects and might
be identical in terms of strength and their dependence on the refractive in-
dex. For the pressure measurements, we have a very different reason for

the increase of the refractive index but this interpretation is still compatible
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with our experiment. This could mean that both the reduction of the band
gap due to the polarisation energy increase and the reduction of the exciton
binding energy might be in the order of magnitude of 100 meV. Independent
of the exact value no net shift of the absorption onset or PL emission due to
the refractive index is expected.

The strongly increased density and the increase of the defect/excimer
emission, which was mentioned before, give strong evidence for an enhanced
interchain interaction ((iii) in figure 2.6), the last parameter which will be
discussed. From the measurements one cannot directly infer the magnitude
of the PL shift due to interchain interaction. However, it is reasonable to
argue that interchain interaction causes the so far unexplained part of the red-
shift, i.e. approx. 155meV). This is in the same order of magnitude (140 meV
to 180meV) observed in the defect/excimer emission red shift (vide supra).
Moreover, this estimate of the red-shift caused by interchain interaction is
in accordance with the assumption of Schmidtke et al. [61] that interchain
interaction is responsible for a big part of the observed red-shift in poly(9,9-
di-n-octylfluorene-alt- benzothiadiazole) (F8BT) (140 meV out of 460 meV).
As excimers are an interchain species, it is a very interesting notion to assume
that the defect/excimer emission, commonly shifts by the same amount as
the Franck-Condon emission shifts because of interchain interaction.

As the refractive index seems to change the HOMO-LUMO gap very little,
and interchain interaction in turn seems to be a very important factor, the
comparison of the PL and absorption spectra of PFO in a toluene solution
and a solid film can give additional insight into the effect of the two param-
eters. In contrast to a film, in solutions the molecules are mostly isolated
from each other and interact only with the solvent molecules. The refractive
index of toluene is, with a value of 1.5, much lower than that of the solid
PFO film. Figure 4.14 shows the PL and absorption of a dilute PFO solu-
tion in comparison to the one of the glassy thin film. For normalisation of
the absorption with the absorption coefficient of the glassy film® measured

with ellipsometry the maximal slope of the curve (which is at around 3.1eV)

9 Absorption coefficient is o = 4”7“, where £ is the extinction coefficient measured with

ellipsometry and A the wavelength in vacuum.
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Figure 4.14: PL and absorption spectra of PFO in a toluene solution and as
a solid film

was used as a normalisation criterion in order to best visualise a rigid shift
between the curves. The solid film has a slightly broader absorption than
the solution, but the absorption onset is otherwise at the same energy. In
PL the difference is more clearly noticeable. The PL shift from the solution
to the glassy solid is about 30 meV to 40 meV to lower energies. The small
shift means probably that none of the parameters discussed in this chapter
efficiently changes the band gap of the material (or less likely: they cancel
each other out), including increased interchain interaction.

Costa et al. observed for PFO in methylcyclohexane (MCH) the emission
peak at approx. 3.00eV, i.e. shifted by 60 meV to higher energies compared
to the solid glassy film while they observed the -phase emission in solution
unshifted at 2.82eV [132]. This rules out that the “solution-to-solid” shift
stems from interchain interaction or the change in the dielectric constant
as this should affect both conformations in a similar manner. As the inter-
ring bond length probably does not change, the most likely explanation for
the small shift is that a very slight planarisation occurs when going from
the solution to the solid film. At first it might seem unlikely that interchain
interaction has virtually no effect on the emission spectrum, but should be so

important under high pressure. However, the defect/excimer - emission was



72

a)
pressure in GPa

3g—8 ¢ 4 2 f a
] glaaiyg=p PFO b )

& EhROTERON SOGE i ) 1

| * OD-0PLpaak . E

a 4
glassy FFO S & e |
& @bicphan adge I - e l
- 28 “ DOPLpesk s = o o '," .
@ s i - P L - 1 I:I-'_'ID'._I;.‘E
i & ™
E - 'A#' I'.l '-' L] | -'.l“".
E ] "‘i # l-'- L < i i &
= uf P - e ]
o z ,.—‘J"'..' : o+
= #‘- . 1 & Aarel o= abs e
264 '- 4 E :
.4 "
.I‘.
aas ~
=f e R 1D

0,932 ﬂ.:EHI 0 'IE‘E- o IBEl 1.;2"]
normalised thickness

nofmalied Mickneds

Figure 4.15: (a) 0-0 emission peak position and absorption onset energy for
the glassy and the glassy+/ sample under hydrostatic presure plotted versus
the film thickness; (b) the energy difference between both emission peaks
(compare with figure 4.7)

already used as a good indicator of enhanced interchain interaction and both
in the solution and the solid film at ambient pressure this defect/excimer
emission is very low, which suggest little or no interchain interaction, while a
slight increase in pressure enhances the transfer of excitons to other chains.
This shows that interchain interaction is relatively unimportant at ambient
pressure in spite of the close proximity of the polymer molecules and only
becomes truly important under pressure. The latter assumes a low order
and can be different in highly crystalline materials like RR-P3HT, as will be

discussed in the next chapter.

4.4 Dependence on interchain distance

The fast change of the band gap and the refractive index for up to 2 GPa is
raising the question of whether a more efficient mechanism is active in the low
pressure region. The fast decrease has been specifically used to justify and
quantify planarisation [122]. Usually, the so called pressure coefficients give

the shifts per gigapascal and therefore the samples show for low pressures
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Figure 4.16: Various parameters for PFO under pressure plotted versus nor-
malised thickness: (a) refractive index and polarisability (both for 800 nm)
and (b) oscillator strength

a higher pressure coefficient than for high pressures. However, this can be
detrimental for the physical understanding of the observed effects.

In figure 4.15 the data of figure 4.7 is plotted not versus the pressure but
versus the normalised thickness representative for the interchain distances.
The energy changes become now linear for low pressures with the glassy sam-
ple just having a steeper slope than the glassy+( sample. A near-linear be-
haviour can be also seen in figure 4.16 for the change of the refractive index,
polarisability and oscillator strength. This shows that the strong changes
for very low pressures just mirror the fast reduction of the intermolecular
distances. This dependence can clarify the cause for the initial shift. This
makes it, for example, less likely that the bond length change - with a more
linear dependence with pressure [68, 72|- is responsible, while planarisation
is very likely to depend more on the intermolecular distances. But again
there is no indication - like a change in slope for the glassy sample - that
the planarisation is completed after approx. 1.5 GPa. The deviation from
the linear behaviour at pressures beyond approx. 3 GPa (or 0.95 normalised
thickness) shows that at very short interchain distances the interchain in-
teraction causes an even stronger shift. Although the possibility cannot be
excluded that at higher pressures a possible anisotropy of the PFO film be-
comes more apparent, which would have caused a higher inaccuracy in the

estimated intermolecular distances.
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glassy | glassy+f

total shift 275meV | 225 meV
bond length 70meV | 70meV
planarisation 50 meV —

interchain interaction | 155meV | 155 meV
dielectric environment — —

Table 4.1: Estimates of each contribution to the total shift of the photolu-
minescence of the glassy and the glassy+( shown in figure 4.7

4.5 Chapter conclusions

Summarising the most important results of this section, we have measured
the absorption and photoluminescence of two phases of PFO with different
planarity under hydrostatic pressure of up to 8 GPa. Apart from the red-shift
of the transitions we analysed the interference pattern in the transparent re-
gion of a glassy phase PFO sample and estimated the density change under
hydrostatic pressure using a Murnaghan equation of state. From this, we ob-
tained the absolute value of the refractive index, the change in polarisability
and the change in the oscillator strength of the 0-0 absorption transition for
hydrostatic pressure up to 7.9 GPa.

From this it was discussed how the parameters influence the optical gap
of the polymer. The red-shifts attributed to the different parameters are
summarised in table 4.1. This emphasises the interchain interaction as the
most important parameter. It was also shown that planarisation occurs just
incompletely even at the highest pressure, which was suggested to be caused

by the disturbing influence of the sidechains.
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Intermolecular interaction:
P3HT and PCBM

In this chapter we investigate the optical properties of the pure materials
of poly(3-hexyl thiophene) (P3HT) and of phenyl-C61-butyric acid methyl
ester (PCBM) in diluted solution and in thin films both under ambient condi-
tions and under hydrostatic pressure. In solution the molecules are isolated
from each other, while in the thin film under pressure, the molecules are
forced to be in close proximity to each other. This series of experiments thus
allows for the investigation of the materials under increasing intermolecular
interaction. The effect of order on the interchain interaction in the crystalline
phase will be discussed with the help of two types of P3HT. This chapter is
also important for organic solar cells, for which both PSHT and PCBM are
often used. In this sense, the chapter presents the basis for PSHT:PCBM
blends, a model organic solar cell system, which is the topic of the following

chapter.

The two types of P3HT, which will be discussed in this chapter, are re-
giorandom P3HT (rra-P3HT) and regioregular P3HT (RR-P3HT). From a
chemical point of view the two polymers are almost identical. The different
properties they exhibit arise from the regular head-to-tail connexions between

monomers in RR-P3HT in contrast to rra-P3HT, resulting in stronger steric
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Figure 5.1: Sketch of the stacking in the crystalline phase of P3HT. Inspired
by [133]

effects of the sidechains for rra-P3HT (see chapter 2.5.2 for details). Amor-
phous films of rra-P3HT are characterised by high torsion angles between
the monomers of roughly 50° to 70° [93]. RR-P3HT, in contrast, forms a
semi-crystalline film. In the crystalline phase the polymer chains are well
aligned with the neighbouring chains in ordered stacks, which leads to a very
planar backbone conformation and strong interchain interaction [134]. Fig-
ure 5.1 shows a sketch of how the crystalline phase looks like. The strongest
m-orbital overlap of the neighbouring polymer backbones is in the m-stacking
direction of the crystal. Perpendicular to this direction the chains also order

along the direction of the sidechains.

PCBM is included here for two reasons: Firstly, it is one of the most
commonly-used acceptor materials, and the similar fullerene bisPCBM, the
bisadduct of PCBM, and PC70BM, a fullerene derivative with a ball of 70
instead of 60 carbon atoms, are nowadays most often found in high efficiency
organic solar cells. Secondly, the spherical geometry of the Cgy ball does
not allow for any planarisation. This means that optical changes have to
be explained by variations in bond length, intermolecular interaction or the
dielectric constant. We investigated the properties of the pure materials
using Raman, absorption and PL measurements at ambient conditions, at

low temperatures and at high pressures.
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Figure 5.2: PL and absorption spectra of rra-P3HT in a chlorobenzene solu-
tion and as a solid film

5.1 From solution to solid film (ambient pres-

sure)

We now immerse ourselves in the specifics of absorption and photolumines-
cence of P3HT in solution. As the molecules do not interact with each other,
the solutions are a good way to study intramolecular effects. Both inter- and
intramolecular effect can be studied by the “solution-to-solid” shift in the

spectra.

In figure 5.2 the absorption and emission spectra of rra-P3HT of highly
diluted solutions in chlorobenzene and those of a thin film are shown; in
figure 5.3, the corresponding spectra for RR-P3HT. Both absorption spectra
of the solutions are completely featureless and even the PL spectra consist
of broadened peaks of the Franck-Condon series (see chapter 2.3.1 for an in-
troduction to PL and absorption). In solution, rra-P3HT has the maximum
of absorption at approx. 2.86eV, the absorption onset at 2.37eV and the
0-0 emission peak at 2.21eV. The absorption onset was determined by the

intercept of straight lines describing the low energy slope of the absorption
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Figure 5.3: PL and absorption spectra of RR-P3HT in a chlorobenzene so-
lution and as a solid film. For the solid film absorption, a fit is shown,

separating the contributions from the crystalline and the amorphous part of
the film.

and the low energy background signal. RR-P3HT has the maximum of ab-
sorption in solution at approx. 2.73 eV, the absorption onset at 2.27eV and
the 0-0 emission peak at 2.12€V.

The very similar shape of the absorption and emission spectra of both
materials in solution indicates that the differently attached sidechains do not
change the optical properties considerably. The absence of clearly visible
peaks in the spectra is due to the broad distribution of conjugations lengths,
i.e. the isolated polymer chains in the solution can twist and bend freely
and assume a wide range of different conformations with different conjuga-
tion lengths. The energy difference between the two types of P3HT (about
100meV) is best explained with a different effective conjugation length. In
solution the red-shift of RR-P3HT with respect to rra-P3HT shows thus
that the steric effects of the sidechains in RR-P3HT are clearly less, and
more conformations closer to planarity are assumed. This shows already in
solution the higher potential of RR-P3HT for higher order and more planar

conformations, which is even more pronounced in the film.
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The overall shape of the rra-P3HT spectra is virtually the same for the
solid film compared to the solution. In contrast, for the RR-P3HT film the
emission peaks become narrower and the absorption shows distinct peaks at
the low energy side. Comparing the film to the solution in rra-P3HT, there
are red-shifts of 200meV in the absorption onset and between 100 meV to
130meV in the absorption maximum and PL (PL 0-0 emission at 2.09¢eV).
For RR-P3HT, the red-shifts are much greater. The absorption onset and
absorption maximum are shifted between 320 meV to 350 meV to lower en-
ergies compared to the solution. The PL is shifted by 220meV (0-0 peak at
1.90eV).

When considering the film, rra-P3HT stays amorphous [135] and retains
thus most of the characteristics it had in solution, which shows that very lit-
tle order is gained in the solid state. As a result, the energy shifts are quite
low. The shift of the absorption onset is probably bigger because of the
broadening of the entire spectrum, which does not affect the apparent max-
imum. In contrast, RR-P3HT forms a semicrystalline film. The crystalline
phase is not only more ordered, but consists of chains with a very planar
conformation and thus with a very high effective conjugation length [135].
Thus, the low energy absorption probed with the absorption onset stems
from the crystallites explaining the big “solution-to-solid” shift observed for
RR-P3HT . In the PL spectra mostly the emission of the crystallites is seen.
In a similar way as the S-phase in PFO (see chapter 4.1), the crystallites act
as low energy traps. The clearly resolved and strongly red-shifted emission
peaks are a manifestation of the formation of this well ordered phase with a
much narrower distribution of conjugation lengths.

Planarisation [71, 134], the increasing dielectric constant [62] and the for-
mation of aggregates [75] were all suggested to cause the observed “solution-
to-solid” shift in polymer samples. Planarisation occurs certainly in RR-
P3HT and contributes thus to the “solution-to-solid” shift. The increase in
the dielectric constant cannot be discarded as a reason but is unlikely be-
cause the similar change in the dielectric constant from solution to the solid
for PFO did not produce a large “solution-to-solid” shift (chapter 4). The for-

mation of aggregates due to interchain interaction is worth to be discussed in
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more detail. Strong interchain interaction in RR-P3HT is already evidenced
by the usually much weaker photoluminescence of RR-P3HT than that of
rra-P3HT [134]. This can be explained by any interchain mechanism intro-
duced in chapter 2.4.2, such as excimer formation and interchain electron
hole pairs or the formation of disordered H-aggregates. The PL spectra of
RR-P3HT were quantitatively explained by assuming disordered H-aggregate
formation [76]. The disorder makes the 0-0 emission from the lowest excited
state possible, which in the ideal H-aggregates is forbidden [77, 78]. The
emission from the lower excited state of these aggregates would lead to a
red-shift in the film with respect to the solution. This is in agreement with
the only weak “solution-to-solid” shift in PFO which showed little interchain
interaction at ambient pressure (see chapter 4.1). In P3HT it is thus likely
that additional to the planarisation, interchain interaction plays a significant

role in the “solution-to-solid” shift.

In the absorption spectrum, the low energy peak at 2.07eV is connected
to the absorption by the crystalline phase [136, 137] and the other peaks to
the vibronic replica in the Franck-Condon series. Thus, most of the low en-
ergy part of the absorption spectrum stems from the crystalline phase which
does not exist in solution. The shape of the high energy absorption of the
amorphous part of RR-P3HT is probably similar to rra-P3HT [138]. In order
to estimate the absorption of amorphous RR-P3HT with a simple model, the
crystalline absorption was fitted with a Franck-Condon series with a Huang-
Rhys-factor describing the intensity distribution (see chapter 2.3.1). The
amorphous part was modeled with one Gaussian curve, which is enough to
fit the broad rra-P3HT film absorption (centre: 2.76€V, full width at half
maximum (FWHM) 0.70eV). This model disregards any high energy absorp-
tion the crystalline phase might have and, therefore, higher energies (beyond
2.8¢eV) were excluded from the fit. The resulting fit is presented also in
figure 5.3. The Gaussian peak describing the absorption of the amorphous
phase of RR-P3HT is at 2.49eV and has a width of 0.70eV. The Huang-
Rhys-factor of the Franck-Condon series describing the crystalline part is
1.47. The Huang-Rhys-factor is slightly higher than what has been reported
before (0.95 in a film from methylene chloride and 0.8 from tetrahydrofu-
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ran [139]) but those spectra have accordingly a stronger 0-0 absorption peak.
It is also possible that the Huang-Rhys-factor is slightly overestimated be-
cause the formation of H-aggregates might lower the intensity of the 0-0
absorption peak [76], which has not been taken into account. The believ-
able Huang-Rhys-factor and the similar width of this amorphous RR-P3HT
phase absorption compared to the rra-P3HT absorption give confidence in
the analysis.

Our analysis shows that the maximum of the amorphous phase of RR-
P3HT is shifted compared to the respective solution by about 230 meV to
lower energies. This shift is about twice that of rra-P3HT and means that,
contrary to the solution, the solid film of RR-P3HT is very different from
its regiorandom counterpart: In addition to the formation of the crystalline
phase, the amorphous phase exhibits higher conjugation lengths compared
to rra-P3HT. This is an important result because it clarifies how films of RR-
P3HT and rra-P3HT can be compared: Many of the qualitative properties
of an amorphous phase can be expected to be very simliar (small interchain
interaction, good miscibility with small molecules, form of distribution of
conjugation lengths etc.), but quantitatively there can be some differences
which are important when doing an analysis. Tsoi et al. [108] have tried,
for example, to determine the volume percentage of the ordered (crystalline)
phase in RR-P3HT blends in a Raman study, assuming that the amorphous
phases of RR-P3HT and rra-P3HT are identical in terms of their Raman
properties. According to our analysis, this must lead to quantitatively wrong
results as the amorphous phase in RR-P3HT exhibits higher conjugation
length and thus a smaller Raman shift than rra-P3HT?. As in this thesis rra-
P3HT was also used to understand the properties of the technologically more
important RR-P3HT, this result recommends also caution not to overstretch
the analogy of the two phases.

Finally, the case of PCBM is discussed. The absorption and PL spectra
in solution and thin film are shown in figure 5.4. The absorption of PCBM

occurs mostly in the ultra-violet region of the spectrum, but has a very long

IThis connexion between the Raman shift of the symmetrical C=C stretching mode
and the conjugation length will be explained in chapter 5.4.
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Figure 5.4: PL and absorption spectra of PCBM in a chlorobenzene solution
and as a solid film

tail into the visible region. The small, broad peak at around 2.4 eV observed
in solution stems from a symmetry forbidden transition to the lowest excited
singlet state as both have an even parity?. The low energy onset of this peak
(approx. 1.9€eV) can thus be seen as the optical gap of PCBM. When going
from the solution to the film the absorption peak shifts from about 3.77eV
to 3.68 eV (taking into account the steep background which seemingly shifts
the peak slightly to higher energies). Additionally, the spectrum broadens
considerably, which is associated with the dispersion of electronic states in
the solid due to structural disorder [140, 141]. In the visible region, the ab-
sorption of the film has a broad absorption peak at around 2.8eV, which
has also been described in the literature [141, 142]. This broad absorption
might stem from clustering or crystallisation of PCBM, which is confirmed
by the absence of this peak in the solution, where no appreciable absorption
of clusters/crystals is expected. A possible explanation is that the symmetry
forbidden transitions of isolated molecules are becoming weakly allowed be-

cause of intermolecular interaction, which lowers the symmetry in the solid

2Light couples to the higher vibrational states with odd parity [140].
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film [141].

The PL spectrum shows a very sharp onset at around 1.75¢€V in solution,
which is shifted approx. 80 meV to lower energies (to 1.67eV) and broadened
for the solid film. This emission is associated with the transition from the
first excited singlet state to the odd parity vibrational states of the ground
state (the 0-0 emission is forbidden) [140]. It is noteworthy that PCBM
has an approximate Stokes shift of 0.2eV. Usually for small molecules, the
Stokes shift is very small or nonexistent if no conformational freedom exists
in the chromophore [143] like in PCBM. In the case of PCBM, the Stokes
shift stems from the phonon energy of the odd vibrational states, which
shifts both PL and absorption away from the forbidden 0-0 emission and
away from each other. The red-shifted spectra compared to the solution
have been observed before [141, 142]. As no planarisation is possible in
the ball-like molecule, the shift is probably connected to the intermolecular
interaction in the PCBM film. The stronger intermolecular interaction in
the solid might allow for a greater delocalisation of the exciton wavefunction
over several PCBM molecules, lowering thus the band gap. For this to be
effective, the local order is very important, i.e. small intermolecular distances

and crystalline environment favouring delocalisation.

5.2 Low temperatures

Lowering the temperature can provide a mechanism to bring chains closer
when reducing the temperature by freezing out their rotational degrees of
freedom and low energy vibrations, allowing the van-der-Waals forces to pull
the molecules towards each other more effectively. In the experiments of this
section, the molecules are brought a little bit closer in this manner by cooling
down the samples to cryogenic temperatures. P3HT and PCBM were spin
coated on small pieces of Si and introduced into a cryostat, which was evac-
uated before cooling. The samples were cooled down with liquid nitrogen to
77K. In figure 5.5 (a) the PL spectra of RR-P3HT and rra-P3HT are shown
at 77K and room temperature. The most obvious changes when decreasing

the temperature are a narrowing of the emission peaks and a slight shift to
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Figure 5.5: PL at ambient temperature and at 77K of a) RR-P3HT and
rra-P3ht and b) PCBM

lower energies. The 0-0 peak of RR-P3HT shifts on cooling from 1.90€V to
1.86 eV, the 0-0 peak of rra-P3HT from approx. 2.11eV to 2.05eV. The nar-
rower emission peaks can be explained by a higher order, the energy shift by
more planarity at low temperatures. This is similar to the measurement of
PFO in chapter 4.1, which exhibited a shift of 30 meV to 40 meV on cooling.
The peaks of PCBM (figure 5.5 (b)) also get narrower but no blue-shift is ob-
served. This corroborates the explanation, that planarisation is responsible
for the shift, as PCBM molecule cannot planarise.

A closer distance between chains could also lead to enhanced intermolecu-
lar interaction at low temperatures. For PCBM this does not seem to occur
probably because the molecular rotations and vibrations do not prevent the
molecules from their approaching each other significantly. In polymers this is
different because of the great conformational freedom and, at least for PSHT,
it seems likely that enhanced interchain interaction is also a reason for the
red-shift as we discussed before for the “solution-to-solid” shift. Especially
in the case of a red-shift due to interchain interaction, it is interesting to
estimate the thickness change of the film. We estimate a 0.3 % thickness
change with cooling to 77 K like in the case of PFO, whose expansion coeffi-
cient at room temperature was given as 1.5 x 107> K~! [118]. The red-shift
with cooling is much higher than the shift induced by pressure for a similar

thickness change (vide infra). This confirms that the reasons for the red-shift
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Figure 5.6: Photographs of a P3HT sample in the pressure cell taken in
reflection.

at low temperatures is different from that observed by applying pressure and
cannot be described only by the change of the interchain distance (sample
thickness).

At low temperatures it is much more obvious that the emission consists of
only one Franck-Condon series both for RR-P3HT and rra-P3HT. The same
spacing of approx. 170meV to 180meV coincides with the energy of the
main stretching modes in the molecule as measured with Raman (this will
be shown in chapter 5.4), which indicates that mostly these modes couple to
the electronic states. The low temperature measurements are thus also useful
to get a better understanding of the emission spectra, which is important for

the fits in the following section for the pressure experiments.

5.3 PL and absorption under pressure

For the measurements under hydrostatic pressure the samples were intro-
duced with the pressure transmitting medium (methanol/ethanol) into the
diamond anvil cell. The samples showed little degradation under illumination
with the laser, which indicates that little or no oxygen was in the pressure cell
and the samples did not react significantly with the alcohol. The absorption
of the intense laser light can produce locally considerable heat and at very
low pressures it can happen that one burns holes into the film. This is usually
not a problem for the measurements after some pressure (>1GPa) has been
applied once, possibly because of an improved thermal contact between the

sample and the diamond afterwards.
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Figure 5.6 shows photos of a RR-P3HT sample inside the pressure cell
taken through the same 20x lens as used for the PLL measurement. The outer
part is the gasket. In the upper part of the photo a little bit of the diamond
can still be seen, while the rest is covered by the polymer. In the upper
right part the ruby is located (marked with an arrow). It is located on the
other diamond face and is therefore out of focus in this image. Under higher
pressure, the hole shrinks and the polymer film often gets slightly crumpled.
The polymer can be identified by its red colour, though often in the beginning
of the experiments it appears green probably because of interference effects

between the diamond and the polymer film.

Figure 5.7 shows some representative PL spectra of (a) RR-P3HT and (b)
rra-P3HT under high hydrostatic pressure. In both cases a strong red-shift,
an enormous loss in PL intensity and a broadening of the emission peaks
is observed. This behaviour is quite similar to the one observed for PFO,
but, in contrast to PFO, no background emission appears with pressure.
This indicates that no new efficient emission channels like defect emission
or excimers are formed (they would lead to more qualitative changes in the
emission spectrum as in the case of PFO). In the graphs, one spectrum for
decreasing pressure is shown for each sample, while the others are from the
first pressure increase. The similar curves for similar pressures indicate that
in both samples no permanent change is observed after the first pressure
increase, i.e. no permanent (dis)ordering of the polymer or the creation of

nonradiative traps is caused by applying pressure.

The spectra are difficult to analyse quantitatively, for the emission peaks
are broad and weak and additional peaks are superimposed on the PL spectra
(two peaks are marked in figure 5.7 (b) by vertical arrows). These peaks
are weak for pure materials under ambient conditions but the very low PL
intensity under pressure gives these signals an increasing weight, and thus
they can significantly change the spectrum. They are probably connected
to Raman scattering of the diamonds and the stretching modes of P3HT.
The energy of these Raman modes changes only weakly with pressure (see
chapter 5.4), which explains that the peaks remain stationary throughout

the experiments. Additional disturbing influences are a high energy tail of



87

intensity in counts

14 186 18 20 22
energy in eV

intensity in counts

1.4 16 18 20 2.2
energy in eV

Figure 5.7: Representative PL spectra of (a) RR-P3HT and (b) rra-P3HT
under pressure. The dashed lines in figure (a) correspond to the Gaussian
curves of the Franck-Condon fit for 0.1 GPa.
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Figure 5.8: (a) Intensity of the polymer emission and (b) 0-0 PL position of
RR-P3HT and rra-P3HT versus pressure

the polymer PL and a peak at around 2.1eV. The latter is caused by the
involuntarily introduced PEDOT:PSS layer (see chapter 3.2.1). The peak
appears only for samples fabricated with a PEDOT:PSS sacrificial layer and
can therefore be ascribed neither to the sample (P3HT or PCBM (shown
later)) nor to the pressure medium.

To obtain a meaningful fit with a Gaussian series under these conditions,
some of the parameters of the peaks have to be fixed and/or correlated. Using
the ambient pressure measurement as a reference, the inter-peak spacing
was set to 175meV and all peaks were set to have the same width. Where
necessary, an additional Gaussian curve was used in the fit for both the
PEDOT:PSS emission and for the high-energy tail. An example of a fit for
RR-P3HT at 0.1 GPa is shown as dashed lines in figure 5.7 (a).

The results of the fits, the total area of the Franck-Condon series (i.e.
the emission intensity) and the position of the 0-0 emission peak, are plotted
versus pressure in figure 5.8 for RR-P3HT and rra-P3HT.

The intensity of the PL of both polymers (figure 5.8 (a)) decreases sim-
ilarly in an almost exponential manner. RR-P3HT has a lower intensity at
ambient pressure as mentioned before and shows a stronger PL quenching
under pressure. Structural defects in the P3HT polymer chain can be traps
for the charges and offer a non-radiative decay channel for excitons. If in-
creased exciton mobility under pressure facilitates the trapping of excitons
at these defects, this can lead to a quenching of the PL [74]. Additionally, as
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already suggested to explain the lower PL intensity for RR-P3HT at ambient
conditions, the formation of only weakly emissive interchain states like ex-
cimer states or interchain electron hole pairs could be formed more efficiently
for smaller interchain distances and explain the quenching. All these effects
are likely to be stronger in the crystal phase, for which interchain interaction
is already higher at ambient pressure because of the well ordered polymer

chains.

The emission spectra of the two polymers shift in a very similar manner
(figure 5.8 (b)). RR-P3HT from approx. 1.88eV to 1.43eV and rra-P3HT
from 2.10eV to 1.65¢eV, i.e. both shift almost parallel roughly 450 meV to
lower energies from atmospheric pressure up to 8 GPa. Having in mind the
analysis of glassy and glassy+/3 PFO in chapter 4, on the one hand, one might
expect planarisation in rra-P3HT under pressure to produce a stronger shift
of the PL of rra-P3HT, but, on the other hand, interchain interaction would
be expected to cause a stronger shift of the PL of the crystalline RR-P3HT
phase. But as we had discussed already for the red-shifts of the PL spectra
of PFO in the last chapter, a comparison of the PL shifts with respect to

pressure can be misleading.

For most parameters (with the exception of the bond length change) it is
conducive for the understanding to compare the energy shifts with respect to
the interchain distance. This is more difficult for P3HT than it was for PFO
(see chapter 4.4) as RR-P3HT forms two separate phases (crystalline and
amorphous) with different compressibilities. While the amorphous phase can
be assumed to be approximately isotropic, the compressibility of the crystal
depends strongly on the direction of the unit cell of the crystal. For the
interchain interaction inside the crystal the interchain distance perpendicular
to the thiophene rings (along the m-stacking direction, see figure 5.1) is the
most important. We took the change of this interchain distance from the
x-ray measurement from Mardalen et al. [144] for poly (3 octyl thiophene)
(P30OT). According to that work the interchain distance 6 depends on the
pressure p like

d(p) = (0o — 1) exp ( p) + o1,

_ K
51/00 — 1
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Figure 5.9: Estimated thickness change of a RR-P3HT film with pressure.
The red lines correspond to fits using the Murnaghan equation.

where §p = 0.38nm is the interchain distance at ambient pressure, §; =
0.344nm the saturated interchain distance and x = 0.039 GPa~! the com-
pressibility at ambient pressure. The interchain distance changes according
to this formula by 9.1 % at 8 GPa. This value is higher than for the PFO
sample (about 8 %). To confirm the higher compressibility of P3HT and to
obtain the bulk modulus for the amorphous phase of P3HT, as for PFO in
chapter 4.3, photos were taken from a thick (drop cast) RR-P3HT film under
hydrostatic pressure and the compression of the polymer film was used to es-
timate the bulk modulus. The result of the estimated thickness change with
pressure is shown in figure 5.9. The fit gives a bulk modulus By = 5.9(6) GPa
and Bj, = 6.2(6) following the Murnaghan equation (compare chapter 4.3).
The total thickness change at 8 GPa is then estimated to be 11.4 %.

This proves that P3HT is more compressible than PFO and shows that
the interchain distance (thickness) of the mainly amorphous film is reduced
faster than in the crystalline phase. The crystalline phase can thus be seen
as hard agglomerations in a soft amorphous matrix. In order to obtain the
bulk modulus of the amorphous matrix the crystallinity has to be estimated.
From the fit of the RR-P3HT absorption (figure 5.3) we estimated the 0-0
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absorption peak, which stems from the crystalline phase, to have an almost
3 times lower absorbance value than the amorphous phase of RR-P3HT.
With an approximately 3 times higher extinction coefficient for the crys-
talline phase of RR-P3HT than for rra-P3HT?, we estimate that our samples
have a crystallinity of about 10%. A crystallinity of P3HT (regioregularity
92 %) around 10 % was found by Malik et al. [94]. Other groups measured
values between 10 % to 20 % [145, 146]. Much higher crystallinities (higher
than 40 %) have been reported [138, 147], but as our material has a low
regioregularity (above 90 % [89]) and the sample has not been annealed, a
low crystallinity is more likely. Combining the bulk modulus of crystalline
RR-P3HT [144] with the approximate 10% crystallinity of the RR-P3HT
samples, the bulk modulus of the amorphous phase of RR-P3HT, also used
for rra-P3HT, was estimated to be By = 5.9 GPa and B = 6.0. As in chap-
ter 4.3, the interchain distance is assumed to be reduced like the thickness of
the sample since the applied pressure is hydrostatic and the volume change
depends mostly on the reduction of intermolecular distances.

Figure 5.10 shows the same plot as in figure 5.8 (b) but versus the nor-
malised interchain distance, using the bulk modulus of amorphous P3HT for
rra-P3HT and the values from Mardalen et al. [144] for the crystalline RR~
P3HT. We use the compressibility of crystalline P3HT rather than that of
RR-P3HT because the PL is expected to come from the crystalline phase.
This plot gives an almost perfect line over the whole pressure range for rra-
P3HT. And also RR-P3HT shows a very linear behaviour for interchain dis-
tances over 0.93. If the different emission energy between rra-P3HT and RR-
P3HT at ambient pressure is mostly caused by the difference in the planarity
of the molecules (the chain being virtually planar in the crystal) rra-P3HT
could shift potentially up to 220 meV more than RR-P3HT. The very linear
shift shows, as in the case of PFO (chapter 4.4), that any possible planari-

sation happens gradually in the whole pressure range contrary to reports

3Estimated from ellipsometry data for RR-P3HT from Dr. Mariano Campoy Quiles,
not shown. They indicate an extinction coefficient of 0.6 for the 0-0 peak of the crystal.
Assuming a crystallinity not higher than 50 % this results in an extinction coefficient of at
least 1.2. The amorphous rra-P3HT has a maximum extinction coefficient of 0.4 (figure 6.2

().



92

2.1 ?'3%1__. L
20- o
: i

1.9 .
E ' . = .-.'l
c 184 . -»;,:’fﬁ
= L
o 1.7 - -
2 ”
@ 1.6 4

1.5+

1 .4 T ¥ T ] ]

0.88 0.92 0.96 1.00

normalised interchain distance

Figure 5.10: 0-0 PL position of RR-P3HT (crystalline phase) and rra-P3HT
versus the normalised interchain distance. The black lines are linear fits of
the data. Compare to figure 5.8 (b) where the data is plotted versus pressure.

of planarisation within 1 GPa to 2 GPa for other systems [60, 67, 122, 123].
However, the Raman measurements presented in the next section strongly
suggest that no planarisation as in PFO occurs in rra-P3HT. While steric
effects impede the planarisation of rra-P3HT molecules at ambient pressure,
in the case of PFO the molecule is capable of forming more planar confor-
mations (S-phase) and high order (liquid crystals) under certain conditions.
This makes it likely that planarisation in rra-P3HT is in general more costly

in energy or impeded by steric effects and thus not significant under pressure.

The red-shift of both materials down to a normalised interchain distance
of about 0.93 is almost parallel, but then RR-P3HT exhibits a non-linear
behaviour for very short interchain distances. Initially, the crystal is still
very compressible but at higher pressures, it is likely that the Pauli repulsion
between the very close molecules in the crystal becomes important and de-
creases the compressibility. As simultaneously the PL of RR-P3HT continues
to shift strongly with higher pressure, this leads to this stronger shift of the
RR-P3HT PL with normalised interchain distance. For PFO we observed

a similar but weaker deviation from linearity at short interchain distances.
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For the measured pressure range, this does not happen in rra-P3HT as the
packing of the polymer chains is lower.

This stronger shift compared to rra-P3HT is most likely caused by in-
terchain interaction which is more effective in the ordered crystal at short
distances than in the disordered phase. Therefore, one can estimate from the
different shift with the interchain distance how much more the PL of the crys-
talline phase of RR-P3HT red-shifts because of interchain interaction than
the one of the amorphous rra-P3HT. At a normalised interchain distance of
0.909, which corresponds to 8 GPa for RR-P3HT crystals and 4.5 GPa for
rra-P3HT, the PL of RR-P3HT has shifted the full 450 meV, while the PL
of rra-P3HT has shifted approx. 330 meV*.

The linear and almost parallel shift at longer interchain distances shows
that in both materials the effect of interchain interaction is very similar and
almost independent from the packing of the material. This means addition-
ally that the effect of higher order in the crystals does not show up, to this
point. One should keep in mind for this comparison that the morphologies
of the two films are very different, the packing of amorphous films is lower
and the interchain distance is actually not as well defined in the amorphous
material as in the crystalline phase.

We can now estimate the different contributions which lead to the to-
tal PL shifts observed in the pressure measurements. Assuming a similar
red-shift due to bond length change as for PPP of 9meV /GPa [66, 68] (com-
pare chapter 4.2), the PL in the crystalline phase shifts 70 meV because of a
pressure induced shortening of bonds and the PL of rra-P3HT only 40 meV.
This means, that at least 90 meV of the red-shift of RR-P3HT is caused by
interchain interaction. The real value is probably much higher as interchain
interaction is likely to cause a red-shift in rra-P3HT as well. This value
shows therefore mostly that interchain interaction causes a major shift under
pressure in RR-P3HT making it believable that interchain interaction can be

almost entirely responsible for the red-shift in both P3HT samples.

4 Assuming even softer rra-P3HT, as one would get assuming 30 % crystallinity in a
RR-P3HT film, the PL shift of rra-P3HT would be slightly lower. The thickness change
of 0.909 would be reached for 4.2 GPa giving an approximate shift of 320 meV. This does
not change the qualitative argument, which is given here.
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RR-P3HT crystal | rra-P3HT
total shift 450 meV 330 meV
bond length 70 meV 40 meV
planarisation — 0 meV
interchain interaction 380 meV 290 meV
dielectric environment — —

Table 5.1: Estimates of each contribution to the total red-shift of the PL of
rra-P3HT and the crystalline part of RR-P3HT after a change of intermole-
cular distance to 0.909, which corresponds to 8 GPa for RR-P3HT crystals

and 4.5 GPa for rra-P3HT.
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Figure 5.11: Representative absorbance spectra for a) RR-P3HT and b) rra-
P3HT under pressure

A tentative assignment of red-shifts to the different parameters is shown
in table 5.1, with interchain interaction as the major contribution accounting
for 380meV in RR-P3HT crystals and 290 meV in rra-P3HT.

Before emission occurs, the exciton usually undergoes many transitions.
Therefore, the PL of the material gives a picture of just a few sites with low
energies or from states which have no or very low transition probabilities for
absorption (e.g. excimers). In absorption, chromophores of all conjugation
lengths contribute to a similar degree to the spectrum giving the opportunity
to further characterise the polymer systems and the origin of the shifts.

The absorption spectra of RR-P3HT and rra-P3HT under high pressure
are plotted in figure 5.11. The spectra broaden considerably and even RR-

P3HT has a featureless spectrum at elevated pressures. The spectra also
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Figure 5.12: Absorption onset of RR-P3HT and rra-P3HT under pressure

shift considerably to lower energies but maintain a high absorption at high
energies probably from transitions to electronic states of higher energy, which
were previously outside the measured spectral range. As a fit of the data
with a series of Gaussians would be very unrealiable, the energy shift was

determined with the absorption onset.

The shift of the absorption onset for RR-P3HT and rra-P3HT are shown
in figure 5.12. The absorption onset for rra-P3HT is estimated to be between
2.25eV and 2.3¢eV and shifts to 1.85e¢V (400 meV to 450 meV) up to 8 GPa.
The absorption onset of RR-P3HT shifts from 1.92¢eV to 1.49¢eV (430 meV).
This means, that both materials have a very similar shift and they are also
comparable to the shift observed before in PL. This confirms the magnitude

of the shift of the energy levels of P3HT observed in the PL. measurements.

The determination of the absorption onset for rra-P3HT samples at low
pressures is not very precise. The scattering of the data points in the low
pressure region is mostly caused by changes in the background and a strong
interference signal because of the reflection at the faces of the diamonds of
the pressure cell. Therefore, additionally, the fit of the blend of rra-P3HT
and 25 % PCBM is shown beforehand (it will be discussed in more detail in
the following chapter) to give more confidence to the extracted absorption

onset. The quality of the spectra of the blend is higher and we believe the
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Figure 5.13: Representative PL spectra of PCBM under pressure

absorption onset to be comparable in the two cases. Both show, indeed, very

similar values and very similar shifts.

The maximum of absorption cannot easily be determined, but it is a
rather safe observation that it shifts also considerably, at least 300 meV.
This observation is important because it shows that the shifts do not just
occur for the longest conjugation length as probed by PL and the absorption
onset, but occurs for all chromophores in a similar manner. As interchain
interaction is probably the major contribution to the red-shift, this shows
that even in these regions of higher disorder, interchain interaction occurs.
It is difficult to quantify this, not only because the shift of the maximum
of absorption is difficult to determine, but also because in chain segments
with high torsion angles and low conjugation length, planarisation can play
a significantly more important role than for higher conjugation lengths.

Apart from the polymer samples, also the PCBM PL was measured under
high hydrostatic pressure. The film was spin coated from a chlorobenzene
solution on PEDOT:PSS. Some representative spectra under different pres-
sures are shown in figure 5.13. The emission at lower energy stems from
PCBM and the one appearing at high pressures at high energies stems from
PEDOT:PSS. It is the same emission seen in the P3HT measurement (fig-
ure 5.7) and just appears under high pressure. It is therefore clear that

this emission cannot be a property of either P3HT or PCBM and the only
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Figure 5.14: High energy onset of emission and PL intensity for PCBM under
pressure

common element is PEDOT:PSS, except for the diamond and the pressure
medium, which have virtually no PL. Fortunately, for none of the pure ma-
terials this PEDOT:PSS emission was much of a problem, either because of
their stronger intensity or - as in the case of PCBM - a very different emis-
sion energy. Even though the PEDOT:PSS emission made the analysis of
the data difficult, it is also a very interesting observation on its own account.
We are not aware of any report about an increase in polymer PL under pres-
sure. It is also curious that the PL emission energy does not shift to lower
energies. PEDOT:PSS is not a very usual polymer, though. It consists of
the negatively charged PSS molecule which acts as a counterion for the holes
transported in PEDOT. Possibly the ionic character of this material causes

this different behaviour.

We come back to the more ordinary pressure behaviour of the PCBM
PL. The emission of PCBM is very weak and strongly quenched under high
pressure. After 3 GPa the PCBM PL almost disappears. A fit was avoided
because of the noisy signal and the changing shape of the emission. The emis-
sion of the highest energy emission peak loses in relative strength. A rough
estimation of the centre and height of the highest energy emission peak is
shown in figure 5.14. Above pressures of 4 GPa no peak could be identified.
Qualitatively the result looks very similar to the polymer results shown so far:

a monotonous near-linear red-shift and an exponential decay of the emission
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intensity. The shift up to 4 GPa is approx. 130meV and is thus nearly as
much as PFO after 4 GPa (170 meV) and clearly less than P3HT (310 meV).
As planarisation cannot occur for PCBM, either the compression/ deforma-
tion of the buckyball or the intermolecular interaction has to explain the
shift. The former cannot be ruled out, but the bonds have been described as
very rigid [148] and even in phenyl- or thiophene-based polymers mostly the
inter-ring bond was reported to change [67]. It seems therefore very unlikely
that this effect is stronger in a very rigid structure such as PCBM than in
the polymers. Furthermore, the experiments of the solution/thin film com-
parison showed that the intermolecular interaction shifts the PL spectrum
90 meV to lower energies. The high pressure experiments are increasing the
interaction even further and an additional shift of a similar magnitude seems
reasonable. So even for PCBM, intermolecular interaction seems to be the
main reason for the red-shift.

The red-shift of PCBM seems weaker than for the polymers, but in terms
of the red-shift with thickness change this might be different. For Cgy many
very different bulk moduli have been reported [148]. A thickness change of
roughly 4 % after 4 GPa seems to be reasonable for PCBM. This would make
the red-shift for PCBM stronger than for PFO (glassy PFO shifts 110 meV)
and comparable to P3HT (RR-P3HT shifts 160meV). As the molecules
are very different, a comparison cannot be made as straightforward as just
suggested. But it shows that “weak” is a very relative term and has to be

seen in the appropriate context.

5.4 Raman studies under pressure

The effect of stuctural order and pressure on the polymer vibrations was
investigated by means of Raman scattering. Raman probes the properties
of the molecules on a local level giving, for example, information about the
backbone conformation [65]. It is also important for the understanding of
the PL spectra of PSHT as the coupling of the electronic states to the vibra-
tional stretching modes determines the spacing between the emission peaks

or absorption peaks of the polymer (similar to the case of PFO in chapter 4).
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Figure 5.15: Raman spectra of RR-P3HT, rra-P3HT, PCBM and
PEDOT:PSS, measured with an excitation energy of 2.54eV. The back-
ground was removed for clarity. The spectra were normalised to the main
peak height.
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Figure 5.16: Sketch of normal vibrational modes in a thiophene molecule
(without H-atoms).
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Figure 5.15 shows the Raman spectra of RR-P3HT, rra-P3HT, PCBM and
PEDOT:PSS. These were taken with a laser excitation of 2.54¢eV. The PL
background, which is especially high in the rra-P3HT sample, was removed
for clarity. In order to better understand the vibrational modes of P3HT,
which give rise to the depicted Raman peaks, a spring-model sketch of a thio-
phene molecule (without H-atoms) is shown in figure 5.16. The two double
bonds have a symmetric and an anti-symmetric normal mode. This symme-
try is considered with respect to a rotation of 180° around the vertical dashed
line or by mirroring at the plane perpendicular to the page through the
dashed line. Because of the sidechain and the interaction between monomers
the symmetry is broken and the normal modes are more complex, but essen-
tially the vibrations stem from the modes drawn here for a single thiophene
molecule. The P3HT main peak at around 180meV (1450 cm™1) is attributed
to the symmetric stretching vibration of the double bonds of a thiophene ring.
The antisymmetric stretching mode of these double bonds becomes manifest
in the much smaller peak at around 188 meV (1516 cm™!). The carbon single
bond stretching mode of the thiophene ring has an energy of approx. 171 meV
(1380 cm™1) [149, 150]. For rra-P3HT this mode also exists and splits into a
double peak [108]. In this measurement, however, the strong PL signal does
not permit the observation of that mode. The measurement shows that the
symmetric C=C energy is to a certain degree sensitive to the planarity of the
polymer chain, which affects also the conjugation length, as the Raman peak
lies at lower energies for RR-P3HT [151]. The reason for the sensitivity for
the planarity of the chain could be connected to a different interaction be-
tween the vibrations of neighbouring monomers with different torsion angles

between the monomers.

For measurements with 2.54eV and 2.41eV (Ar-laser lines), the Raman
intensity of P3HT is very strong, because the laser energy lies in the ab-
sorption region (see figure 5.3) and resonant Raman scattering occurs. This
means that Raman scattering signal increases by many orders of magnitude
for vibrations of a chromophore with an electronic transition in approximate
resonance with the laser energy [105]. As a result, dispersion in the Raman

measurements with the excitation energy occurs, as can be seen in figure 5.17,
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Figure 5.17: Raman spectra of RR-P3HT and rra-P3HT with two different

excitation energies: 2.54eV and 1.96eV. The background was removed and
the spectra (shifted vertically for clarity) normalised to the peak height.

where the Raman spectra for RR-P3HT and rra-P3HT with excitation ener-
gies of 2.54¢eV and 1.96eV are compared. As rra-P3HT is out of resonance
with the 1.96eV laser light, all conjugation lengths - also the higher ones -
are equally probed. As a result the symmetric C=C peak is very broad for
rra-P3HT. In the case of RR-P3HT, which is barely in resonance, predomi-
nantly the higher conjugation lengths are probed, and as a result the peak
is shifted to lower energies.

Additionally, also the polymer PEDOT:PSS and PCBM were mea-
sured under the same conditions (figure 5.15). The Raman peaks of both
PEDOT:PSS and PCBM are very weak for green/blue lasers compared to
P3HT and play no role in the interpretation of pressure experiments as long
as P3HT is present. The Raman peaks of PCBM seen in figure 5.15 are
caused by tangential vibrations of the fullerene ball: The so called “pen-
tagonal pinch” mode at around 181 meV (1458cm™!) corresponds to the
tangential displacement of the carbon atoms around each of the pentagons
of the fullerene ball [140]. For PEDOT:PSS the main peak at 178 meV
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Figure 5.18: Representative Raman spectra of a) RR-P3HT and b) rra-P3HT
under pressure; measured with an excitation energy of 2.41 eV

(1434 cm™!) belongs to a C=C double bond stretching mode in the PEDOT
molecule [152].

The Raman spectra of the pure polymers were studied also under pres-
sure. Figure 5.18 shows some representative Raman measurements for both
RR-P3HT and rra-P3HT under high hydrostatic pressure. The graphs were
not normalised to their peak height but shifted in intensity according to
their background signal in order to make the comparison easier. The Raman
modes broaden under pressure, lose in intensity and strongly shift to higher
energies. These are characteristics invariably observed for stretching modes
of polymers under pressure [61, 65, 153]. The shift to higher energies is con-
nected with the anharmonic potential of the bonds. The closer the molecules
get, the stiffer the bonds become [80]. Therefore, C-C single bonds and C=C
double bonds show a similar shift to higher energies in most polymers (often
called “hardening” following the common spring model of bonds). In general,
the peaks were fitted with Gaussian curves in order to determine their posi-
tion, while the background from the PL tail observed at high energies in the
Raman data was fitted with a polynomial function (usually cubic). As shown
above, the higher the planarity of a chain section is, the higher in energy are
its stretching vibrations. The resulting Raman peak is a superposition of

the peaks of vibrations corresponding to chain sections of different planarity
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Figure 5.19: left panel: Energies of Raman peaks of RR-P3HT and rra-P3HT
versus pressure; right panel: visualisation of how planrisation might affect
the Raman shift (see text for details)

and, as a result, different conjugation lengths (even under the here observed
resonance conditions). This broadens the Raman peaks and gives them usu-
ally a peak shape close to a Gaussian curve. The symmetric double bond
mode is clearly asymmetric in shape and for a successful fit a split-Gaussian
function was used (different width for left and right side of the peak).

The result of the fit for RR-P3HT and rra-P3HT are plotted versus pres-
sure in the left panel of figure 5.19. The shift is almost linear and very
similar in both polymers. The symmetric C=C peak of rra-P3HT shifts from
182.6 meV to 188.2meV from ambient pressure to 7.8 GPa (approx. 5.6 meV)
and for RR-P3HT from 179.7meV to 185.0meV (approx. 5.3meV). The
distance between the symmetric C=C peaks remains almost constant (in-
crease of approx. 8 %). Even though most of the shift is not connected to a
change in the planarity but shortening of the bond length [80], the relative
change between the two materials can still be used to infer changes in the
conformation which can affect the peak position.

For example, if polymer A were to planarise (higher conjugation length)
under high pressure compared to an already planar polymer B then both

materials would have a very similar shift due to the shortening of the bonds®,

5This assumption is just likely to be true for chemically very similar polymers as for
both P3HT types
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but polymer A would exhibit superimposed a shift to lower energies due to the
planarisation (see figure 5.19). Thus, a smaller total shift to higher energies
could be caused by planarisation.

This argument was similarly used for poly para phenylene (PHP) under
pressure. PHP shows no Raman shift for the first 2 GPa because the hard-
ening and the strong planarisation cancel each other out [65]. But in the
case of rra-P3HT and RR-P3HT this does not seem to be the case. From
the almost constant distance between the two symmetric C=C peaks one can
infer that the planarity is affected in both materials in a very similar manner.
A possible planarisation in rra-P3HT over the whole pressure range would
probably be visible in a decrease of the distance of the two symmetric C=C
peaks as in RR-P3HT the polymer chains are already more planar (especially
in the crystalline phase). If anything, the slight increase in the peak distance
suggests an ordering in RR-P3HT or a disordering in rra-P3HT.

5.5 Chapter conclusions

In conclusion, this chapter has shown the importance of the conformation
of the molecules but especially of the interchain/-molecular interaction when
going from isolated molecules with all rotational degrees of freedom to re-
stricted and interacting molecules in a solid film at high pressures. The
“solution-to-solid” shift showed that RR-P3HT and rra-P3HT are similar
in solution but form very different films. Strong and very similar shifts of
the PL and the absorption in RR-P3HT and rra-P3HT were observed un-
der pressure and discussed in detail considering mostly planarisation and
interchain interaction as the reasons. The stronger red-shift of the PL with
intermolecular distance for RR-P3HT were identified to stem mostly from
the increased interchain interaction under pressure. In the previous chap-
ter we could just assume that the unexplained part of the shift is caused
by interchain interaction, in this chapter the comparison between the crys-
talline and the amorphous phase allowed for much clearer evidence and a
much more direct determination of the order of magnitude of the red-shift

due to interchain interaction. The evidence for a strong red-shift in PL and



105

absorption caused by interchain interaction was used to justify that most of
the red-shift can be explained this way. Also the small molecule PCBM was
measured and showed a considerable red-shift under pressure thus confirming
the importance of intermolecular interactions.

These experiments of the pure materials raise the question of how this
behaviour will change in a blend of P3HT with PCBM and especially of
the then created charge transfer state. The charge transfer state energy
depends on the energy difference between the LUMO (PCBM /acceptor) and
the HOMO (P3HT/donor). It is interesting to see if any possible change
in the charge transfer energy can be explained by the changes in the pure

materials. This will be discussed in the following chapter.
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He would be Montag-plus-Faber, fire plus water, and
then, one day, after everything had mized and sim-
mered and worked away in silence, there would be nei-
ther fire nor water, but wine. Out of two separate and

opposite things, a third.

6 Ray Bradbury, Fahrenheit 451

Effects of mixing on structure

and energy levels

The active layer of efficient solar cells up to now usually consists of elec-
tron donor and acceptor blends. Blending of appropriate organic semicon-
ductors opens up the possibility for the exciton to undergo a transition to a
charge transfer (CT) state, an important intermediate state on the way to
charge separation and charge collection at the electrodes (see chapter 2.3.2
for more details). The properties of the charge transfer, such as energy and
decay mechanisms, may depend strongly on the morphology of the blend,
but also the single components might show very different properties than the
ones observed in pure materials. The mixing is studied in this chapter by the
blends of P3HT and PCBM, a widely used model system for solar cells [25].

The results of the last chapter, in which P3HT and PCBM were dis-
cussed in pure films, are the basis for this chapter. The observed changes
of the emission and absorption of the single components upon mixing give
information about how the interaction of the two molecules changes confor-
mational and morphological properties of the single components compared
to the pure films. Pressure measurements of the blend combine the studies
of pure materials under pressure from the last chapter with the studies of the

PCBM concentration dependence in the blend. The observed changes in the
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PL of the CT state upon mixing and under high pressure give the opportunity
to investigate how the CT state energy and its decay can be influenced. This
information is important in order to understand the underlying mechanism
governing the charge transfer and subsequent charge separation processes.
In this chapter we will discuss the PCBM concentration dependence of
the PL intensities and energies of P3HT and the CT state. For the pressure
study of the CT state, two blends with different PCBM concentrations were
measured. For most of the blends, rra-P3HT was used as the charge transfer
state PL has a high intensity and lies in the energy range detectable with a
Si detector, but implications for the blends with semi-crystalline RR-P3HT

will be also discussed.

6.1 Clustering of PCBM

Beyond the solubility limit of PCBM in a polymer, the formation of PCBM
clusters! is likely to occur for spin coated samples. The size and crystallinity
of these clusters might influence, among other things, the delocalisation and
mobility of the exciton or electron. Therefore, it is important to study for
which concentrations PCBM clusters form and whether they are crystalline.

In order to know when a crystalline phase of PCBM is formed in rra-
P3HT:PCBM blends, we performed differential scanning calorimetry (DSC)
measurements?. DSC is a technique that allows to determine the energy
necessary for heating a sample at a constant rate. This is done by comparison
of the sample in a pan with a reference (empty pan), which is heated at the
same time and maintained at approximately the same temperature during the
heating and/or cooling process. Most especially, DSC is used to determine
exothermic and endothermic phase transitions, which can be identified as
peaks in the heating-temperature-curves. Their onset marks the transition

temperature, their area the energy necessary for the phase transition.

'The term “cluster” instead of the more common “aggregate” is used to avoid confusion
with the term indicating the delocalisation of electronic states (H-/J- aggregates).

2The DSC measurement and analysis was performed by Anne A. Y. Guilbert in the
research group of Prof. Jenny Nelson at Imperial College London in a cooperation with
our group.
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Figure 6.1: DSC measurements of rra-P3HT:PCBM blends for different con-
centrations of PCBM (a) heating curve showing the melting peak of PCBM
(marked red); the heating curves are shifted in y-direction for clarity, (b)
relative crystallinity of PCBM

Figure 6.1 (a) shows the heating curves of rra-P3HT:PCBM blends for
different PCBM concentrations at a heating rate of 20 K/min. As rra-P3HT
is amorphous it does not exhibit any melting peak. Therefore, the observed
peaks correspond to the melting of the crystalline PCBM phase. A film of
pure PCBM was taken as a reference sample, and the energy for the phase
transition was determined. The energy for the phase transition in the blends
was then compared to that of the reference sample, yielding the relative
crystallinity® of the blend sample taking into account the absolute amount
of PCBM which is heated in each case.

Figure 6.1 (b) shows that the first crystals can be detected at concen-
trations of about 30 % PCBM. After this, an approximately linear increase
in crystallinity is observed. This does not mean necessarily that below that
value PCBM is solved in the rra-P3HT matrix as it is possible that at lower
concentrations small amounts of almost amorphous or nanocrystalline clus-
ters form [154, 155], which might be difficult to detect with DSC. This value
gives, however, an upper limit for the solubility of PCBM in rra-P3HT. This
is in accordance with results by Yin et al. who have reported that PCBM is
miscible in the amorphous phase of RR-P3HT up to 20 % PCBM [156].

3Even the pure PCBM film is just partially crystalline and the measurement does not
give the total crystallinity.
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As stronger intermolecular interaction can be expected in the crystalline
phase, one can also expect that exciton and/or electron delocalisation/ mo-
bility inside the clusters increases at around 30 % PCBM [56]. This might
be accompanied by a change of the optical properties as well, e.g. a shift of
the absorption peak in PCBM and the formation of the aggregate peak at
2.9V (compare chapter 5.1).

In order to see how the optical properties in such a blended film change, an
ellipsometric study* was performed on rra-P3HT:PCBM spin coated on a Si
substrate for different concentrations of PCBM. The data was fitted employ-
ing the Bruggeman® effective medium approximation. The approximation
describes the complex dielectric function of the blend film combining the
complex dielectric functions of its components [109]. The single components
are thought of as small (compared to the wavelength) spherical inclusions
behaving like the bulk material in terms of their optical properties (no size
effects, no interaction between materials). The effective dielectric function
of the whole film depends, therefore, mostly on the dielectric function of
the single components and on the concentration in volume percent. In the
figures and discussion, we refer to the concentration by weight percent as
determined during the preparation of the solutions. In the first approach,
the fit was performed with the concentration as a free parameter and with
fixed dielectric functions based on the measurements of the samples of pure
rra-P3HT and PCBM.

Figure 6.2 (a) shows the absorption coefficient® for the samples with dif-
ferent PCBM concentrations according to this model. The peak at around
2.8€V is caused by rra-P3HT, and the strong increase in the ultra-violet re-
gion is attributed to PCBM. This property is identical to the absorption of
the pure materials as presented in chapter 5.1. As no changes in the materi-
als were allowed, just the intensities change in this model. Consequently, the

PCBM peak remains for all concentration at the same position. This is al-

4The analysis of the data was performed by Dr. Mariano Campoy-Quiles.
°Dirk Anton George Bruggeman (dutch physicist, PhD 1930 in Utrecht)

6The absorption coefficient is o = 4”7”, where « is the extinction coefficient (the imag-

inary part of the refractive index) measured with ellipsometry and A the wavelength in
vacuum.
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Figure 6.2: Analysis of ellipsometric measurement with the Bruggeman
model showing the absorption coefficient of (a) the film assuming dielec-
tric constants as in the pure materials (b) of PCBM when allowing for its
dielectric constant to change (fixed concentrations).

ready a good approximation of the real dielectric function, but there remain
discrepancies between this model and the experimental data.

In order to improve the fit, we assumed that the dielectric function of
(at least) one of the materials did change with blending. Most likely, the
dielectric constant of PCBM is different in small clusters or when solved in
the P3HT matrix (for which case, strictly speaking, the Bruggeman model
is not valid, but it often works nonetheless). Therefore, in the following fit
just the parameterised dielectric function of PCBM was allowed to change
(the volume concentrations were fixed from the previous fit). The resulting
normalised absorption coefficients of PCBM for several concentrations are
shown in figure 6.2 (b). For all the blends, the peak at around 3.78eV
remains almost unshifted. This is almost the same position as found in a
dilute solution. For pure PCBM, the same peak is shifted to 3.68eV.

Up to 20 % PCBM no broad absorption peak at 2.9¢V, indicating inter-
molecular interaction, can be observed. Only for the highest concentration
in the blend, 50 % PCBM, there are indications that this absorption peak is
formed. Below the concentration for which PCBM crystals were detected by
DSC, the absorption coefficient is probably only weakly influenced by PCBM
clustering. As mentioned, it is also possible that small clusters have a low

crystallinity. This would indicate that a crystalline phase has to be present
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Figure 6.3: Absorbance spectra of PCBM:PMMA films on glass with different
concentrations of PCBM, normalised to PCBM concentration. The arrow
marks the absorption peak position for the pure PCBM film, the dashed
vertical line for the blends.

for an effective intermolecular interaction between PCBM molecules and for-
mation of this peak’. The absorption peak at 3.78¢V is obviously not very
sensitive to clustering or crystallisation of PCBM even for these relatively
high concentrations of PCBM.

In order to investigate whether signs of clustering can be observed below
the crystallisation concentration, absorption measurements of PCBM blends
with the polymer poly(methyl methacrylate) (PMMA) were performed. In
rra-P3HT:PCBM blends the peak at 2.9eV would be difficult to detect in
absorption measurements because of the strong absorption of rra-P3HT. In
contrast, PMMA is transparent and has no conjugated electron system for
PCBM to interact with, which makes the analysis possible. Even though
PCBM might not show the same miscibility behaviour in PMMA as in rra-
P3HT, it can help to give indications concerning the clustering of PCBM in
an amorphous polymer matrix.

The absorbance spectra of the blends are shown in figure 6.3. The ab-
sorption caused by PCBM is very low and can just be seen clearly from 5%
PCBM on. The characteristic absorption peak of PCBM is at approx. 3.79 eV

"This will be even clearer later when measurements of pure bisPCBM are presented for
which this peak is absent (figure 6.12).
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Figure 6.4: rra-P3HT:PCBM for different PCBM concentrations: (a) ab-
sorbance spectra; (b) PL spectra

for the blends, which agrees well with the energy of the peak in rra-P3HT
blends obtained by the ellipsometry analysis. For higher PCBM concentra-
tions up to 30 % PCBM this peak remains at the same energy and the low
energy tail remains also mostly unchanged, i.e. no significant intermolecular
interaction was observed. This corroborates the result from the ellipsome-
try and DSC measurements that any possible clusters below 30 % PCBM do
not show significant signs of crystallisation. The PCBM behaves optically as
completely dispersed in the PMMA matrix.

The samples were thermally annealed in order to see whether this can
induce clustering and crystallisation of the PCBM molecules, which would
then lead to an increase in intensity of the 2.9eV absorption peak. The
samples were put on a hot stove at about 400 K (130 °C) for approx. 25 min.
The changes in the absorption spectra are almost negligible (and therefore not
shown). Probably even at the highest concentration of 30 % no crystallisation

could be induced.

6.2 Influence of PCBM concentration on

P3HT and on the charge transfer state

We shall continue the discussion about PCBM clustering and crystallisation
in this section by investigating the effects of this on the polymer phase and

the CT state. It will be interesting to see which changes occur with in-
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Figure 6.5: RR-P3HT:PCBM for different PCBM concentrations: (a) ab-
sorbance spectra with the inset showing the ratio between the absorbance at
2.07eV and 2.39¢eV; (b) PL spectra

creasing PCBM concentration and whether they can be attributed to the
dissolved PCBM molecules, to clustering or to crystallisation of PCBM.
For this purpose, the systems RR-PSHT:PCBM and rra-P3HT:PCBM were
studied in absorption and PL. Additionally to the two PCBM blends, rra-
P3HT:bisPCBM blends were measured in PL. bisPCBM has one additional
sidechain compared to PCBM, which enhances its solubility in common or-
ganic solvents [157]. Its HOMO and LUMO levels are shifted up in energy by
about 100meV to 130meV [22, 158] compared to PCBM. These differences
might influence the morphology and CT state properties in the blends.

Figure 6.4 (a) shows the absorption spectra for rra-P3HT:PCBM for dif-
ferent concentrations of PCBM. The absorption is mostly a superposition of
the absorption of the single components. The polymer absorption peak at
around 2.8eV is qualitatively the same as in the pure material. Confirming
the ellipsometry measurements in rra-P3HT:PCBM blends, the absorption
peak at around 3.76 eV remains stationary up to 70 % PCBM.

The absorbance spectra of RR-P3HT:PCBM for different PCBM concen-
trations are shown in figure 6.5 (a). In contrast to the other blends with a
polymer concentration of 20g/1, for these samples, the total concentration
was fixed to 20 g/1. This does not change the concentrations in the film, but

affects the film thickness and results in a decreasing P3HT absorption peak
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with increasing PCBM concentration. Apart from the intensity changes,
very few changes happen with the mixing of RR-P3HT and PCBM. Above
all the absorption peak at 2.07 eV is visible even at high PCBM concentration
and the ratio between the intensity at 2.07eV (absorption by crystals) and
the intensity at 2.39eV (absorption predominantly by amorphous phase) is
changing very little and not systematically (inset to figure 6.5 (a)), which
even shows that PCBM is not impeding the crystallisation of RR-P3HT dur-
ing spin coating. This is understandable as the mobility for PCBM will be
pretty high in the solvent compared to P3HT and PCBM would thus not
disturb the polymer chains approaching each other.

The high crystallinity is surprising when compared to results in the lit-
erature. For the same blend, a much lower crystallinity has been reported
compared to the pure film [108]. A possible reason for the discrepancy is
the use of relatively low concentrations in our experiments, which allows the
molecules to phase separate better during the drying process. The sample is
thus better comparable with annealed samples which show almost the same
crystallinity of RR-P3HT as in the film of pure RR-P3HT [108].

The PL spectra for RR-P3HT:PCBM blends in figure 6.5 (b) show a
strong decrease in the PL intensity of over one order of magnitude with
increasing PCBM concentration. This PL quenching is caused by the forma-
tion of CT states, which are not visible in absorption measurements. This
observation shows for this sample that the two components are well mixed,
thus ensuring a charge transfer for most excitons at high PCBM concentra-
tions. Intercalation of PCBM inside the crystalline phase of RR-P3HT is not
possible as there is insufficient space between the sidechains [159] and so the
intimate mixing occurs only in the amorphous phase. Thus, the quenching
caused by the charge transfer competes with the migration of the exciton to
the crystalline regions. Once the exciton is in a more crystalline area, it is
likely to decay radiatively. Because also the crystal absorbs light and because
not all excitons close the crystalline phase will be captured by PCBM, this
explains why even at high PCBM concentrations the polymer still exhibits a
certain PL emission.

The situation is different in the amorphous rra-P3HT for which very in-
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timate blends with PCBM are possible [156, 160]. The strong intermixing
becomes obvious in the PL spectra of rra-P3HT:PCBM in figure 6.4 (b). In
these blends the PL is quenched much more efficiently than in the RR-P3HT
blends. The remaining emission is at higher energies and stems probably
from high energy sites in the polymer. The low energy emission stems from
the CT state (around 1.4eV for 50 % PCBM). In RR-P3HT this peak is not
visible in our accessible spectral range. Tvingstedt et al. showed with elec-
troluminescence (EL) measurements that the CT state in RR-P3HT:PCBM
has an energy of around 1.0eV [53]. Since the acceptor molecule is the same,
one may expect that the difference in the CT energy reflects the difference
between the donor(P3HT) HOMO levels (see sketch of energy level in fig-
ure 2.4). If we assume that bimolecular recombination occurs between the
PCBM and the crystalline phase of RR-P3HT, and that the HOMO-LUMO
gap in RR-P3HT is symmetrically reduced compared to rra-P3HT, one can
expect the CT peak of RR-P3HT:PCBM to lie approx. 100 meV lower than
the one for rra-P3HT:PCBM (about half the difference between the 0-0 emis-
sion peaks of the pure polymers). However, the difference between the CT
state energies is much bigger than this. EL measurements give often lower
energies than CT emission after photoexcitation because EL comes only from
low energy sites [161]. Additionally, the interface itself plays an important
role. The order of the polymer at the interface can significantly influence
the charge transfer state [24]. In this case, it might be that PCBM induces
greater disorder in rra-P3HT than in the crystalline phase of RR-P3HT, thus
increasing the band gap in the polymer and the energy of the CT state.

The intensity of the CT emission is small: for 50 % PCBM, it is almost
4000 times smaller than that of the pure polymer (for a comparable absorp-
tion by the polymer). Assuming that almost all excitons undergo the charge
transfer, one realises that the radiative recombination would be an almost
insignificant decay channel of the CT state, if it did not serve us to gain
so much information about the CT state properties. It has been reported
using transient absorption measurements that about 70 % of the CT states
undergo a geminate recombination to the ground state in this system [162].

This seems unreasonably high and probably fails to take into account other
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Figure 6.6: PL spectra of rra-P3HT:bisPCBM for different bisPCBM con-

centrations

decay channels. At high PCBM concentrations (70 %), another peak appears
in the spectrum at about 1.7 eV, the emission energy for PCBM (compare fig-
ure 5.4). For rra-P3HT:PCBM, it is likely that at such high concentrations
of PCBM, the absorption of PCBM is very significant and not all PCBM
emission is quenched by the polymer because the pure PCBM phase forms

areas that are bigger than the exciton diffusion length.

The PL spectra of rra-P3HT:bisPCBM blends for different bisPCBM con-
centration are shown in figure 6.6. The spectra are very similar to the one
of the rra-P3HT:PCBM blends, but in the bisPCBM blends the concentra-
tions at which the fullerene PL appears (visible at around 1.7¢eV) is much
lower (at most 20 %). This might be connected to the different isomers of
bis-PCBM present, each with different HOMO and LUMO levels. This can
lead to energetic disorder in the bisPCBM phase and concomitant trapping
of the exciton at low-energy isomers. As a result, bisPCBM PL in films with

bisPCBM clusters would be very inefficiently quenched.

For the quantitative analysis of all the spectra, the pure polymer samples
were fitted with a series of Gaussian peaks. Within each series, the Gaus-
sian peaks have equal width and equal spacing between the peaks of around
170 meV to 175 meV. A peak at high energies probably connected to emission

from high energy chromophores in the polymer was necessary for a good fit.
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Figure 6.7: Results of PL fits for RR-P3HT:PCBM, rra-P3HT:PCBM and
rra-P3HT:bisPCBM blends for different concentrations: (a) the normalised
integrated intensity of the polymer PL, (b) the energy of the 0-0 transition
peak of the polymer PL.

For blends, it was assumed that the form of the polymer emission remains
unchanged. This means that the area-ratios of the peaks and the distance
between the peaks remained fixed. This assumption is not obvious, for a
higher disorder in blends might slightly change the relative peak intensities
(Huang-Rhys factor), but as the fits work well in the high energy region (0-1
and 0-0 emission peaks), this effect seems to be small. The emission of the
PL as a whole was allowed to shift and it was necessary to allow for a change
of the width of the peaks. A fit just with this Franck-Condon-like emission
cannot explain well the low energy region of the spectra of the rra-P3HT
samples because of the increasing importance of the charge transfer emis-
sion. Therefore, an additional Gaussian peak in the low energy region was

introduced to account for the CT peak.

For bisPCBM blends, the bisPCBM, emission was taken into account by
modeling the emission in pure bisPCBM films. Just the area of this emission
was allowed to change. Even with this strong restriction, a clear distinction
between CT peak and bisPCBM emission was not possible for low bisPCBM
concentrations because CT PL, bisPCBM PL and polymer PL all overlap.
Therefore, the CT state will just be discussed for the concentration of 50 %

at the end of this section.

Figure 6.7 shows (a) the intensity ascribed to the pure polymer emission.
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The polymer PL intensity in rra-P3HT:PCBM blends decreases by almost 3
orders of magnitude up to fullerene concentrations of 30 %. This is a much
stronger decrease than for the RR-P3HT:PCBM and rra-P3HT:bisPCBM
blends. The intensity decrease for rra-P3HT:PCBM blends is especially
strong for the first percent of PCBM. This shows how efficiently the smallest
amount of PCBM quenches the PL of the polymer. As mentioned, the higher
PL intensity in RR-P3HT:PCBM is a result of the stronger phase separation
(with pure P3HT crystals).

For rra-P3HT:bisPCBM, the likeliest explanation for the weaker PL
quenching with increasing bisPCBM concentration is, that at very low con-
centrations clustering of the bisPCBM molecules occurs. This is in agreement
with a recent study by Guilbert et al. about RR-P3HT blends with multiple
adduct fullerenes [163], which shows the greater tendency of bisPCBM to
form clusters after spin coating. This clustering might be enhanced by a bet-
ter solubility of bisPCBM in chlorobenzene, giving the molecules more time
to diffuse and accumulate into clusters during the drying process. However,
it seems that this clustering happens because of the kinetics of the drying
process during spin-coating rather than complete immiscibility of bisPCBM
and rra-P3HT, for at higher concentrations still very efficient PL. quenching
occurs.

Two other reasons for the less efficient PL quenching should be taken
into account as well: Because of the higher molecular weight of bisPCBM a
fraction of 0.2 fewer® bisPCBM molecules are in the blend for the same con-
centration by weight. However, this cannot explain quantitatively the lower
quenching. A less efficient charge transfer might also cause less PL quenching,
but as the charge transfer is a very fast process, without any competing pro-
cesses, even a much slower CT transition than for rra-P3HT:PCBM blends
(but still fast compared to the exciton diffusion) would leave the charge
transfer efficiency virtually unaffected.

Concerning the 0-0 emission energy, one can see in figure 6.7 (b) that
for the rra-P3HT blends the emission energy (centre of gaussian peak of the

fits) shifts approx. 60 meV to higher energies up to a fullerene concentration

8PCBM has a molecular weight of 911 g/mol, bisPCBM of 1102 g/mol.
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of about 15 %, after which this shift seems to saturate. Contrary to that,
the RR-P3HT blends show no appreciable shift with PCBM concentration
(the approx. 10meV to 20 meV blue-shift is in the order of the scatter of the
data points). This can just be explained by a strong intermixing between
the rra-P3HT and the PCBM molecules. There are two possibilities as to
why this shift occurs in rra-P3HT blends but not in the RR-P3HT blends.
One is that the PCBM introduces conformational disorder in the polymer
backbone [164], leading to a lower conjugation length. The other possibil-
ity is that because of the good mixing of the two components, the charge
transfer becomes a competing process to the exciton migration to low en-
ergy chromophores. This means, that the polymer itself exhibits the same
distribution of conjugation lengths as in the pure polymer sample, but the
chromophores with the highest conjugation lengths do no emit any longer
because most excitons undergo a charge transfer first [42]. As the crystalline
phase of RR-P3HT does not contain any fullerene, probably neither effect
would lead to a shift in RR-P3HT PL. It should be possible to distinguish

between these two theories in absorption experiments.

For this purpose we revisit the absorption data shown for rra-
P3HT:PCBM in figure 6.5 (a). A Franck-Condon fit of the absorption peak
showed very little changes (not shown), suggesting that the polymer absorp-
tion does not shift as a whole to higher energies. However, a fit of a feature-
less absorption in this manner is not very precise and a disturbing influence
of PCBM molecules would affect most probably more the chromophores of
the highest conjugation lengths, which are the ones responsible for the PL.
Therefore, the low energy absorption onset was determined by the intercept
of the straight lines describing the low energy slope of the absorption and
the low energy background signal. This can be seen in figure 6.8 (a) for two
curves, one for 0% and one for 50 % PCBM. The resulting position of the
absorption onset versus the PCBM concentration is shown in figure 6.8 (b).
The absorption onset shifts approx. 50meV to higher energies for PCBM
concentration up to 50 %, which is almost the same shift as observed in the
PL. We note that scattering caused by PCBM clustering would appear to
shift the edge to lower energies. This shift clearly indicates that there really
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Figure 6.8: (a) Two rra-P3HT:PCBM absorbance spectra showing the de-
termination of the absorption onset of rra-P3HT, (b) absorption onset of
rra-P3HT as a function of the PCBM concentration

is a change in the absorption and that the change in the PL is mostly caused
by a change of the low energy chromophores. The more gradual shift in the
absorption onset energy in contrast to the strong initial increase in the PL
is probably just caused by the lower sensitivity of the measurement method
because of a lower selectivity of contributing chromophores.

The analysis of the PL measurement indicates that the blue-shift in the
polymer PL saturates at around 15 % because the solubility limit of fullerenes
in rra-P3HT is reached and clusters start to grow at a faster rate. Fullerenes
which are in clusters cannot contribute to any increase in disorder. This is,
at least, a lower limit of the solubility as it is possible that the saturation is
reached only for the disordering effect, not of the solubility of PCBM in the
rra-P3HT matrix.

The dependence of the CT emission intensity on PCBM concentration can
give information about the efficiency of charge separation. In this context it
can also give information about the formation of clustering. The CT emission
intensity in the PCBM blends increases to its maximum value for very low
PCBM concentrations, as seen in figure 6.9 (a), and for PCBM concentrations
between 15 % and 50 % decreases again. This can be seen best by the solid line
representing the average value of the measurements for each concentration.
The initial increase has to exist as the CT emission is 0 at 0% PCBM. It

gives confidence into the fit that it can qualitatively show this, even though
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Figure 6.9: Results of the fits of the PL of rra-P3HT:PCBM blends: (a)
integrated intensity of the CT state and (b) its emission energy

the very strong polymer PL overlaps with the CT PL (the pure rra-P3HT
emission is about 500 times stronger than the most intense CT emission of
the blends) and it is possible that for low PCBM concentrations the value
is overestimated. The initial increase of the CT emission intensity can be
clearly attributed to the, at first, very efficient formation of the CT states
(compare to the concomitant efficient PL quenching shown in figure 6.7 (a)),
which should be linear with PCBM concentration for sufficiently dispersed
PCBM molecules. In the experiment, no further increase happens between
1% and 15% PCBM even though the polymer PL is further quenched. For
even higher PCBM concentrations the CT intensity decreases strongly. This
is not an effect of less light absorbing P3HT molecules in the blend as the
absorption of the P3HT is very similar in all blends (figure 6.4 (a)). It instead
means that less CT states decay radiatively for higher PCBM concentrations.

There are various decay mechanisms for a CT-state (see figure 6.10):
charge separation (with the transition rate kcg), radiative geminate recom-
bination to the ground state (kgr) and back transfer to the polymer triplet
state (nonradiative geminate recombination, Keipet) [26, 165]. The triplet
CT state, from which the transition to the polymer triplet state occurs, can
form because of only weak electronic coupling in the CT state [26]. The
question is which of these decay channels can gain or lose in strength with

increasing PCBM cluster size. At this point the available data is not suffi-
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Figure 6.10: Sketch of the decay channels of the CT state. Transition rates
of the transition to polymer triplet state (kyiplet), of radiative geminate re-
combination to the polymer ground state (kgr) and of charge separation of
a hot (kegmot) and cold (kes(eola)) charge transfer state. Also shown are the
charge transfer itself and the recombination of the exciton in the polymer
with the transition rate k.. Based on [26, 165].

cient to exclude any of these channels. But it seems most reasonable that,
above all, the efficiency of the charge separation changes with the size of the
clusters [161].

The charge separation can be described well with the Onsager? the-
ory [166]. According to this theory, the exciton dissociates when the electron-
hole distance exceeds the dissociation distance (or capture radius) for which
the binding energy equals the thermal energy k7. Even if the mean distance
between hole and electron is smaller than the dissociation distance, the CT
exciton can break up with a certain probability [26]. The electron is more
likely to escape the interface than the hole because of its higher mobility. But
for single PCBM molecules or very small clusters the electron cannot escape
as long as the cluster is smaller than the dissociation distance [161], which
is in the range between 4nm [26] and 15nm [21]. (The outer ball diameter
of a fullerene molecule is 1.0 nm [140]). But for growing clusters the cluster
size exceeds the dissociation distance and charge separation is possible, even
if the electron still cannot move very far. The size of the PCBM cluster [21]
and the local mobility [57] have been suggested to greatly assist the charge

9Lars Onsager (1903, Kristiania, Norway - 1976, Coral Gables, Florida, USA)



124

separation process. Additionally, the increasing dielectric constant will lower
the dissociation distance [166] allowing even more electrons and maybe even
holes to escape the interface. Therefore, a growing cluster size with a pos-
sible greater delocalisation of the electron can make it more likely for the
CT state to overcome its Coulomb attraction and thus lead to an increased
charge separation rate [56].

The intensity drop from 15 % to 50 % PCBM can, thus, be explained best
with a low increase of formation of CT states (as can be estimated by the PL
quenching in figure 6.7) accompanied by an increasing amount of clusters for
which charge separation is possible and becomes more likely with growing
size.

The increased probability for a charge separation lowers the probability
for all the other decay channels, including the observed radiative geminate
recombination. This is probably true for both the hot exciton and the cold
exciton picture of charge separation (see chapter 2.3.2 and figure 6.10). As-
suming that the change in the CT PL is representative for the quenching of
these other decay channels, one can estimate how much more efficient the
charge separation becomes. The CT peak intensity drops roughly 75 % for
an increase in PCBM concentration from 15% to 50 %. This means that
75 % of the initially formed CT states (which is almost equal to the number
of initially formed excitons in P3HT) undergo the charge separation. This is
just a rough estimate, but shows the great importance the size of the clus-
ters probably has for the charge separation. This result agrees well with the
suggested begin of the formation of clusters at about 15% PCBM, deduced
from the blue-shift of the polymer PL.

For the energy of the CT state, a very different behaviour is seen than for
the polymer emission. Figure 6.9 (b) shows the energy of the CT emission
for rra-P3HT:PCBM blends represented by the Gaussian peak. At PCBM
concentrations below 10 % the emission is unfortunately too weak for a precise
determination of the peak position'?. The position of the CT emission shows

a clear red-shift of 100meV for PCBM concentrations increasing from 10 %

10Tp these cases, the CT peak was fixed to 1.51 eV in order to still estimate the emission
intensities.
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to 50 %. The red-shift for increasing PCBM concentration has been observed
before in PFSDTBT:PCBM by Loi et al. [167] and in PF10DTBT:PCBM!
by Veldman et al. [56] and was attributed to the change of the dielectric

constant of the medium with increasing PCBM concentration.

Veldman et al. estimated the Gibbs!? free energy change with the charge
transfer and explained thus most of the observed shift [56]. The dependence
of the CT state energy with the average dielectric constant (e,) is according
to this

Ber () = 5= 2 (1- 15 ) (7 = ) - 15 ()

where Fj a system dependent energy and Z = e%/(87¢), e being the
electron charge and ¢, the vacuum permittivity. Rcc is the centre-to-centre
distance of the ions, 7t the effective radius of the cation (charged P3HT) and
r~ the effective radius of the anion (charged PCBM) [56], which are model
dependent parameters'® [168]. The first part of the right hand side of the
equation takes into account the solvation energy of the ions in the dielectric
environment, i.e. the lowering of the energy levels by the polarisation energy,
and the second part the Coulomb attraction of the ions, i.e. the binding en-
ergy of the CT state [168]. The dependence of the CT state energy on the
dielectric environment might be stronger than for Frenkel excitons because
the electron and the hole are spatially separated. In their estimation, Veld-
man et al. show that the change of the polarisation energy with the dielectric
constant outweighs the reduction of the exciton binding energy. This would
give an approximately linear shift with the PCBM concentration. Assuming
a dielectric constant of rra-P3HT of 3.0 [169] and of PCBM of 4 [170] and
their respective densities of about 1100kg/m? [171] and 1500 kg/m?* [155],

the dielectric constant is expected to change approximately from 3.08 to 3.42

HPFnDTBT stands for poly[2,7-(9,9- dialkylfluorene)-alt-5,5-(4’,7-di-2-thienyl-2’,1°,3’-
benzothiadi- azole)] , n being the number of carbons of the alkyl substituents. This means
it contains both a fluorene part and a thiophene part.

12 Josiah Willard Gibbs (1839, New Haven, Connecticut, USA - 1903, New Haven)

Byt =0.45nm, r~ =0.56nm [56] and Rcc =2.0nm were used, but the energy change
with the dielectric constant is not very sensitive to these values.
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with an increase in PCBM concentration from 10 % to 50 % and a concomi-
tant CT red-shift of 70 meV.

Instead of only the global dielectric constant, as suggested by Veldman
et al. [56], the local dielectric environment could be more important. In this
case one would have to consider more the change of the dielectric environment
within a few nanometres as analogous to the case of excitons [37]. A stronger
decrease of the CT energy would be observed in this case from the onset of
clustering until the clusters reach a certain size.

Another effect which could cause a red-shift in the CT energy is a stronger
delocalisation of the electron in the PCBM clusters. This can be influenced
both by the crystallinity, as mentioned by Tvingstedt et al. [53], and by the
size of the clusters. In the previous section we showed that the absorption
spectra evidenced little intermolecular interaction for low PCBM concentra-
tions and no shift of the absorption peak. The effect on the delocalisation of a
single electron (though bound by Coulombic forces to the polymer /fullerene
interface) might still be significant. In this case an increasing delocalisation
would lower the LUMO level in PCBM and lead thus to a smaller energy
gap between the LUMO(acceptor) and the HOMO(donor), i.e. a red-shift
of the CT PL. This would be stronger for bigger clusters (or higher crys-
tallinity) which would then qualitatively explain the gradual red-shift for
concentrations higher than the solubility limit of PCBM in rra-P3HT.

The delocalisation theory cannot be distinguished from the theory con-
sidering mostly the local dielectric environment without some quantitative
estimates. But If the global dielectric constant is responsible, then a shift
should be observable before clustering occurs. For the shift with the increas-
ing dielectric constant, the amount of PCBM is decisive; for the delocali-
sation/local dielectric environment, the size of the clusters. Favouring the
latter explanation, the fits suggests that the red-shift begins only after 15 %.
Unfortunately, as mentioned, below 10% PCBM the CT emission can be
clearly seen, but the position cannot be reliably determined. But in accor-
dance with our fit, Veldman et al. observed the onset of the CT red-shift for
PF10DTBT:PCBM between 10 % and 20 % PCBM [56].

On the other hand, the red-shift continues up to 50 % PCBM. At 30 %,
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Figure 6.11: PL spectra of rra-P3H:PCBM and rra-P3HT:bisPCBM for
fullerene concentrations of 50 %. Also shown are the PL spectra of PCBM
and bisPCBM. The fits of the low energy region of the two blends are repre-
sented by the dashed lines.

the clusters are already very big (clearly bigger than the dissociation distance
of the CT state as shown above) and no cluster size dependent red-shift is ex-
pected. Even though a higher crystallinity (DSC measurement) could explain
why beyond 30 % the delocalisation increases and red-shifts the emission, the

observation favours the explanation of the global dielectric constant.

Further evidence as to which is the reason for the red-shift might be
found in the energy for the CT state of rra-P3HT:bisPCBM. As mentioned,
the measurements with bisPCBM did not allow for a precise analysis of

the CT state at low concentrations. Therefore, we will only compare rra-
P3HT:PCBM and rra-P3HT:bisPCBM for a fullerene concentration of 50 %.

Figure 6.11 shows the PL spectra of the two blends in direct comparison.
The PCBM and bisPCBM PL spectra and the fits for the CT peaks and
bisPCBM emission of the blends are also shown in the same graph. The CT
state of the rra-P3HT:bisPCBM blend has an energy of approx. 1.54¢€V as
compared to 1.41 eV for the rra-P3HT:PCBM blend. This difference is practi-
cally identical to the difference in the LUMO levels of the two fullerenes [158].
This shows, as expected, that the LUMO level is a decisive factor for the en-
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Figure 6.12: Refractive index and absorption coefficient of pure PCBM and
bisPCBM

ergy difference of the CT states of the two blends. This translate also directly
to a 150 meV higher open circuit voltage [88] in devices with bisPCBM.

Apart from the LUMO level also the morphology of bisPCBM is quite
different. Figure 6.12 shows the comparison of the refractive index and
absorption coefficient (calculated from the extinction coefficient) of PCBM
and bisPCBM on a quartz substrate as obtained from ellipsometry measure-
ments'. It shows that bisPCBM films are different with respect to PCBM in
two important aspects: they have lower density and they do not crystallise.
The former can be seen in the roughly 0.1 lower refractive index and the lower
absorption coefficient; the latter in the missing peak at 2.9eV. Both can be
explained by assuming that the additional sidechain has a very disturbing
influence on the packing and ordering of bisPCBM. The lack of crystallinity
is supported by the fact that bisPCBM does not show any melting peak in
DSC measurements [163].

With this we estimate the dielectric constant of bisPCBM to be around
3.6, which should lead in the blend to a dielectric constant of 3.3 compared
to 3.42 for PCBM. The higher dielectric constant in the PCBM blend is

4 Measurement and analysis performed by Anne A. Y. Guilbert and Dr. Mariano
Campoy-Quiles.
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expected to lead to an additional red-shift of the CT emission of approx.
30meV compared to the bisPCBM blend. As this change is rather low,
this theory is compatible with the observed difference between CT emission
energies.

This means that the effect of fullerene crystallinity on the CT emission en-
ergy has to be equally low or non-existent in order to be compatible with the
measurements. This seems to rule out that increasing crystallinity of PCBM
can be the main reason for a red-shift in the CT emission with increasing
PCBM concentration.

In summary of the experiments with increasing fullerene concentration,
the blends of rra-P3HT:PCBM and rra-P3HT:bisPCBM showed that the
fullerenes induce disorder in the polymer and thus cause a blue-shift in their
PL emission. The quenching of the CT emission in rra-P3HT:PCBM was
explained with an increased charge separation with growing PCBM cluster
size. From the concentration dependence of these two effects the formation
of clusters was inferred between 15% and 20 % PCBM. This is lower than
the concentration for which first PCBM crystals could be detected, which
either means that the DSC measurements and optical measurements were
not sensitive enough to detect the small amounts of nanocrystalline PCBM
directly, or that up to 30 % PCBM forms clusters with very low crystallinity.
The observed red-shift of the CT state is most likely caused predominantly
by the increase of the dielectric constant with mixing. A higher electron de-
localisation because of growing clusters combined with a higher crystallinity
for bigger clusters might be an alternative explanation or, at least, a con-
tributing effect. It was shown that crystallinity alone has only a small effect

on the CT energy.

6.3 Influence of temperature

In the measurements at low temperature for the pure polymer samples (chap-
ter 4.1 and chapter 5.2) the emission peaks were getting narrower and the
spectra red-shifted. The graphs for a rra-P3HT:PCBM blend with 50 %
PCBM at ambient temperature and at 77 K in figure 6.13 show, to the con-
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Figure 6.13: PL spectra of rra-P3SHT:PCBM with 50 % PCBM at ambient
temperature and at 77 K.

trary, that no big changes can be seen for the CT emission peak. It has been
suggested that the broad CT peak reflects the distribution of distances be-
tween the hole and the electron in each pair [21]. This measurement suggests
that this distance is not very sensitive to changes of temperature. However,
the intensity increase of the CT PL with cooling is quite significant. As
even at room temperature almost all excitons undergo the charge transfer,
the most probable explanation for the increased intensity is a more likely
radiative geminate recombination rate for a CT state with lowering the tem-
perature. This could be caused by the lower transition rate of non-radiative
channels at low temperatures. Alternatively, this observation could also be
connected to a less efficient charge separation, which in this case would point
to a thermally assisted charge separation. This is a hint that the charge
separation occurs in general from the “cold” CT state (see figure 2.4) as in
the “hot” exciton picture the energy for the charge separation comes from

the surplus energy after the charge transfer, not from thermal energy.

6.4 Blends under high hydrostatic pressure

Most of the discussion in this section will be centred around the CT state.

We used PL measurements of rra-P3HT:PCBM under pressure in order to
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Figure 6.14: (a) Representative absorbance spectra of rra-P3HT:PCBM with
25% PCBM, (b) energy shift of the absorption with pressure

understand better by which parameters the energy of the CT state and the
charge separation can be influenced. Before we can understand the changes
of the CT state, we have to find out if the polymer changes its pressure be-
haviour significantly compared to the pure materials. We have seen small
changes in the absorption of the polymer with increasing PCBM concentra-
tion, and in the previous chapter, we observed that interchain interaction
is an important mechanism for the energy shift under pressure in the pure
polymer. With much of the PCBM finely dispersed in the amorphous rra-
P3HT, efficient interchain interaction might be inhibited. As the absorption
in blends consists mostly of the superposition of the absorption of the dif-
ferent single components, the measurement of absorption under pressure is
thus very useful for the investigation of the changes in the polymer energy

levels in blends with PCBM.

Figure 6.14 (a) shows some representative absorption spectra of a rra-
P3HT:PCBM blend with 25 % PCBM under hydrostatic pressure. The spec-
tra show a red-shift and a broadening with pressure, as for the pure polymer
material (compare figure 5.11). Figure 6.14 (b) shows the result of the deter-
mination of the absorption onset up to 8 GPa. The shift of this absorption
onset is very similar to the one of the pure material (as was shown in fig-
ure 5.12). This clearly shows that the mechanisms which cause the shift in the

pure material are qualitative and quantitatively comparable to those in the
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Figure 6.15: Representative examples of the PL of a rra-P3HT:PCBM blend
with 50 % PCBM under hydrostatic pressure. On the left the CT peak can
be seen to red-shift and get quenched.

blend. Especially, it suggests that the PCBM molecules do not significantly
change the interchain interaction between P3HT chains. For RR-P3HT sim-
ilar results can be expected. The amorphous phase will behave in this sense
very similarly to rra-P3HT and the crystalline phase will also behave as the
pure material as no intercalation occurs in the crystals.

The PL spectra under high pressure are useful to observe the changes
of the CT PL under high hydrostatic pressure. Figure 6.15 shows examples
of the PL of a rra-P3HT:PCBM blend with 50 % PCBM. The measurement
was performed with cryogenically loaded liquid helium as a pressure trans-
mitting medium, which assures that no chemical reaction with the sample
can occur. This sample could be introduced into the pressure cell without
any PEDOT:PSS layer (which means that no PL attributed to PEDOT:PSS
appears). In most measurements the ruby gave a very strong PL signal at
about 1.78 eV. It was partially removed by subtracting a ruby spectrum from
the measurements. Apart from the ruby peak, the spectra show the poly-
mer emission on the high energy side. We associate this with high energy

sites in the polymer, possibly from trapped excitons. The CT peak on the
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Figure 6.16: Representatives examples of the PL of a rra-P3HT:PCBM blend
with 25 % PCBM under hydrostatic pressure.

low energy side decreases in intensity and red-shifts with pressure. It is not
clear whether the usual broadening of peaks also occurs. The measurement
is unfortunately limited by the range of the Si detector to energies above
1.3eV, but up to 3 GPa to 4 GPa about half the peak can still be seen which
allows for a quantitative analysis up to that point. Beyond this, one can
just assume from the graphs that the quenching and red-shifts continues in

a similar manner.

In order to observe if there is a concentration dependence of the be-
haviour of the CT peak under pressure and to see the PL of the polymer
simultaneously with the CT peak, a blend with less PCBM was also mea-
sured under pressure. Figure 6.16 shows PL spectra for some pressures of a
rra-P3HT:PCBM blend with 25 % PCBM. This measurement was performed
again in the common manner with a PEDOT:PSS layer and methanol:ethanol
as a pressure transmitting medium. For low pressures, the spectra exhibit on
the high energy side the pure polymer PL. At higher pressures, the PL gets
quenched as we observed before for the pure samples, and at the highest pres-
sure of 8.2 GPa mostly the PEDOT:PSS emission remains. At the low energy
side the CT peak can be seen. The CT PL red-shifts and gets quenched like
in the sample with 50 % PCBM. At pressure beyond about 2 GPa no CT PL

can be observed any longer because of its weak intensity. The CT PL be-
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Figure 6.17: Fits of the CT PL for blends of 25 % and 50 % under hydrostatic
pressure: (a) normalised intensity; (b) centre energy of the CT peak

haviour at this lower PCBM concentration does not qualitatively differ from
the one for 50 %.

For a quantitative analysis, a simple fit of the spectra was performed.
The fit of the CT peak was done with one Gaussian peak, the high energy
emission was described with another Gaussian peak. In the case of 25%
PCBM, for low pressures also the unquenched (low energy) polymer PL was
taken into account assuming it shifts like in the case of pure P3HT (see
chapter 5.3). This was necessary in order to fit the CT peak in a reasonable

manner because of the overlap of both emissions.

The normalised emission intensities of the CT state for both 25% and
50% PCBM are shown in figure 6.17 (a). The CT PL intensities of both
blends decrease in a roughly exponential manner with pressure; the CT emis-
sion of the blend with 50 % PCBM shows quenching by over 2 orders of mag-
nitude. In figure 6.17 (b) the energy of the CT state (centre of the Gaussian
peak) is shown for both the blend of 25 % and 50 % PCBM. As expected from
figure 6.7, the CT state of the blend with 25% PCBM is at slightly higher
energies than the one with 50 % and this distance seems to be maintained
also under pressure up to at least 2 GPa. The CT state red-shifts these first
two gigapascals about 120meV. Like for the pure materials the shift is sig-
nificantly stronger in the beginning. The energy shift is roughly between the
energy shifts of the pure materials after 2 GPa, rra-P3HT with 200 meV and
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Figure 6.18: Sketch of an energy diagram, showing the shifts of the HOMO
and LUMO levels caused by the pressure increase from 0 GPa to 2 GPa. The
sketch visualises the possible connexion between the PL red-shift of the pure
materials and the one of the CT state.

PCBM 50 meV.

A direct comparison between the shifts in the pure materials and that
of the CT state is difficult as the exciton and the CT state are quite dif-
ferent species. The aggregate state which forms in the pure materials for
strong intermolecular interaction does not exist for the CT state. However,
the transition energies of the excitons under pressure depend largely on the
HOMO and LUMO splitting (as well as the mixing of the different excita-
tions) [71]. As the energy of the CT depends on the HOMO (donor) and
LUMO (acceptor) levels, probably the splitting of these states due to inter-
molecular interaction will have comparable effects on the CT state energy.
As an estimate it seems therefore plausible to assume that the intermolecular
effects which change the exciton transition energies cause similar effects in
the CT energy. This seems to be confirmed by the fact that the CT energy
shift is roughly the average of the shifts of the excitonic transitions in the
pure materials. This would be expected to occur under the assumption that
the reduction of the band gap of the pure materials is due to a symmetric
shift of the HOMO and LUMO levels under pressure. This idea is depicted
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in an energy level sketch in figure 6.18.

It seems reasonable to assume that the CT energy red-shifts for very
similar reason as the exciton energy in the pure materials, i.e. mostly inter-
molecular interaction changing the energy states in the pure materials. But
one can also expect the interaction between P3HT chains and the PCBM
molecules to change, affecting the order and thus the energy levels at the
interface. As mentioned, the distance between electron and hole affects the
exciton energy. A closer electron-hole proximity would also lower the CT en-
ergy. However, these changes are relatively small. One can expect that CT
states are located at the interface where PCBM molecules and P3HT-chains
are in direct contact, i.e. as close as the Pauli repulsion allows. Under pres-
sure the changes of the distance (a few percent of a nanometre) will therefore
be very low in comparison to the delocalisation of the electron and the hole.
It is thus not likely that the CT state is affected by the closer proximity of
the hole and the electron.

It was shown that, contrary to the exciton energy, the CT energy is likely
to depend on the dielectric constant. Assuming roughly the same change in
the dielectric constant with pressure as for PFO (at most 6 % up to 2 GPa,
compare chapter 4.3), one can expect the dielectric constant to increase from
about 3.4 to at most 3.6 up to 2 GPa for the blend with 50 % PCBM. This
would result in an additional red-shift of 30meV to the ones attributable
to changes in exciton energy. This shift is very small and it agrees with
the assumption that the shift of the HOMO and LUMO levels in the pure
materials are the major cause of the shift.

Regarding the quenching, a very different quenching mechanism has to be
responsible than in pure materials. The CT state is trapped at the interface
and not very mobile. This makes trapping at defects, as it can happen for
the exciton, very unlikely. As trapping by structural defect and by charge
transfer depend in the same manner on the migration of the exciton, it is
also not likely that pressure inhibits the charge transfer, which would lead to
fewer CT states and thus also to less CT PL. It is therefore likely that other
decay channels for the CT state open up or increase in strength. The possible

decay channels for the CT state are depicted in figure 6.10. As mentioned
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before, geminate recombination of the (triplet) CT state to the triplet exciton
(Ktriplet) is a possible decay channel. The triplet state in RR-P3HT is around
1.35eV [172, 173]. In rra-P3HT it can be expected to lie slightly higher than
the singlet states because of a similar but much weaker dependence (caused
by stronger localisation of the triplet states) on the effective conjugation
length [173]. This means, that the energy of the triplet state would be
probably in the same range as the CT state energy. In case the triplet state
energy decreases more strongly than the CT state energy under pressure, this
transition would be activated and become more likely with increasing energy
difference between the two states. This way the CT PL (kgr) would be
quenched. It would also more importantly lead to a lower charge separation
rate (kcg(eolay). This mechanism is probably not applicable for RR-P3HT
because of the much lower CT energy [174].

Another possibility would be to assume that the quenching occurs because
of an increase in the charge separation rate (kcg). This would most likely
be connected with a higher delocalisation/mobility of the charges. We sug-
gested that the higher delocalisation of the electron in PCBM with increasing
PCBM concentration can be the reason for the strong decrease in the CT
PL. Under pressure this could be enhanced. Additionally, the shorter inter-
chain distance in P3HT also increase the mobility of the hole as we showed
by the PL quenching under pressure for pure rra-P3HT. Also the dissocia-
tion distance is lowered with an increasing dielectric constant as mentioned
in the last section. Thus, pressure might assist both the escape of the hole
and the electron from the interface and thus increase the rate of the charge
separation, which would lead to quenching. RR-P3HT has high mobilities in
the crystalline phase [175] and this would explain the good charge separation
usually observed in RR-P3HT:PCBM blends as simulated by Deibel et al.
by assuming a delocalisation of the hole over several monomers of P3HT [57].
If interchain interaction is enhanced in RR-P3HT crystals, it could strongly

affect the charge separation efficiency.
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6.5 Chapter conclusions

In this chapter the effects of the blending of PSBHT and PCBM have been
studied. With increasing concentration of PCBM, the charge transfer (CT)
state in rra-P3HT:PCBM blends was shown to red-shift and its emission to
get quenched. The increasing dielectric constant is likely to be the major
cause of the red-shift. The higher delocalisation of the electron in bigger and
more crystalline clusters (lowering of fullerene LUMO level) might addition-
ally contribute to the red-shift. The increased delocalisation of the electron
in bigger clusters in the order of the charge transfer dissociation distance was
suggested to lead to a higher charge separation rate. We interpreted from
this that PCBM molecules are dispersed in the amorphous rra-P3HT matrix
up to 15% of PCBM. We also showed in this context that PCBM seems to
have a disturbing influence on the P3HT chain in the amorphous region, blue-
shifting PL. and absorption of the polymer. Similar results were obtained for
the amorphous bisPCBM with the difference that the lower PL quenching
suggests some clustering at very low bisPCBM concentrations. Differential
Scanning Calorimetry and ellipsometric measurements of rra-P3HT:PCBM
blends showed that these initially formed PCBM clusters show no signs of
crystallisation or strong intermolecular interaction until 30 % PCBM. This
indicates a low crystallinity or nanocrystalline morphology in the PCBM

clusters.

We measured PL of two blends of rra-p3HT:PCBM with concentration
of 25% and 50 % PCBM under hydrostatic pressure. The CT state was
shown to red-shift about 120meV up to 2 GPa. It is likely that this shift
stems mostly from the shift of the HOMO and LUMO levels in P3HT and
PCBM. For the quenching of the charge transfer PL with pressure different
explanations were discussed. It was suggested in this context that a higher
delocalisation as caused by a higher intermolecular interaction, be it in the

PCBM or P3HT, can greatly enhance the charge separation efficiency.

We demonstrated in this chapter the importance of the morphology es-
pecially of the PCBM phase when blending P3HT with PCBM. The charge

separation and thus the efficiency in real working solar cells are likely to
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depend on local mobility/delocalisation of the charges. This also suggests
that order and crystallinity are very important for efficient quantum yields

in solar cells.
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Any one whose disposition leads him to attach more
weight to unexplained difficulties than to the explana-
tion of a certain number of facts will certainly reject

my theory.

Charles Darwin, The Origin Of Species

7

Conclusions and Outlook

The aim of this work is to understand how different mechanisms influ-
ence the optical and electronic properties in organic semiconductors. In this
chapter, we will summarise the key results of this endeavour and discuss sub-
sequently their implications for the design of molecules and the active layer
in optoelectronic devices. And as no work is ever truly finished, we give also
suggestions for future work on the subject. A more detailed summary of the

experiments and results can be found at the end of the respective chapters.

In this work, PL and absorption properties of the organic semiconductors
PFO, rra-P3HT, RR-P3HT and PCBM have been systematically studied
in solution, thin films (ambient and low temperature) and high hydrostatic
pressure. Additionally, the blends RR-P3HT:PCBM, rra-P3HT:PCBM and
rra-P3HT:bisPCBM have been investigated for different fullerene concentra-
tions and rra-P3HT:PCBM under high pressure, mostly with the purpose to
understand how this affects the charge transfer (CT) state properties. For
the explanation of the energy changes and differences in these experiments,
four parameters were used - bond length, planarity, intermolecular interac-
tion and the dielectric environment. In high pressure experiments, these
parameters could be changed gradually and in a controlled fashion, making
high pressure a powerful tool estimating the contributions of the different

parameters to the observed energy shift in the optical spectra.



142

PFO, glassy
PFO, gl.+4
RR-P3HT
rra-P3HT
PCBM (4 GPa)

total shift 275meV | 225meV | 450meV | 450 meV 130 meV

bond length 70meV | 70meV | 70meV | 70meV | < 30meV

planarisation 50 meV — — 0 meV —
intermol. intera. | 155 meV | 155meV | 380 meV | 380meV | 100 meV to
130 meV

dielectric env. — - _ —

Table 7.1: PL red-shift of the measured thin films at about 8 GPa (for PCBM
at 4 GPa) and the values assigned to the different parameters.

Intermolecular interaction proved to have a major contribution to the red-
shift under pressure. This was shown indirectly for PFO and rra-P3HT and
more directly for RR-P3HT crystals by the comparison of the PL red-shift
of a semicrystalline RR-P3HT film with the one of the amorphous rra-P3HT
film. Additionally, we showed that a higher mobility of the charges caused by
intermolecular interaction results in the quenching of Franck-Condon emis-
sion in the conjugated materials.

Another contribution to the red-shift under pressure can be the effect of
planarisation of the polymer chains. This became most clear in the compar-
ison of the PL red-shifts of the almost planar S-phase with the glassy phase
of PFO under hydrostatic pressure. In contrast, Raman measurements in-
dicated that planarisation under pressure plays no significant role in PSHT
samples.

The change of the refractive index of a conjugated polymer (PFO) un-
der pressure was determined for the first time. For this purpose, the change
in the optical path in a thick glassy PFO film was measured with an in-
terferometric method. The refractive index increased only about 5percent
for a pressure increase of 8 GPa. In addition, the analysis revealed that the
oscillator strength and polarisability in these films decrease with pressure.

The estimates for the different contributions for the red-shift under pres-
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sure of the pure organic semiconductor films are shown in table 7.1. The
red-shift due to the change in bond length was estimated to be very similar
in all the polymers (9meV/GPa). Because PCBM is more rigid, the effect of
the bond length change is probably much smaller than for polymers. The di-
electric environment was estimated to play no role in the observed red-shifts
and the planarisation just for glassy PFO. In each case, the remaining part

of the total red-shift was attributed to intermolecular interaction.

The changes in the CT state emission in rra-P3HT:PCBM with increas-
ing PCBM concentration gave indications that the charge separation rate
increases with bigger PCBM clusters. These experiments suggest that clus-
ters start to form for PCBM concentrations between 15 % to 20 %. It was
shown that under hydrostatic pressure the CT PL is reduced, probably be-
cause of higher charge separation as a result of higher delocalisation. The
red-shift of the CT state under hydrostatic pressure proved to depend mostly
on the energy shifts of the pure materials. Beyond that, the increasing di-
electric constant is likely to cause an additional but minor red-shift. The
importance of the delocalisation of the charges on the charge separation effi-
ciency underlined the importance of crystallinity at the interface in order to

increase the intermolecular interaction and concomitantly the delocalisation.

The results show that we have many ways to influence the optical band
gap and emission intensity of polymer films. The control of order seems to
be a basic requirement to achieve the desired energy shifts. For an improved
photon harvesting of organic solar cells (OSCs) at low energies, above all,
the steric effects of the sidechains have to be minimised as they lower the
planarity, which increases the optical band gap, and the capability of the
polymer to crystallise. But the experiments showed that it would be desirable
to decrease the interchain distance even further than what can be found, for
example, in P3HT crystals. The intermolecular distance in P3HT in -
stacking direction is about 0.34nm [133], the covalent bond between two
carbon atoms is about 0.14nm [176]. Even though crosslinking the polymer
chains might not be feasible (not to mention potentially detrimental for the
conjugated system of the backbone), this shows, at least, that no strong

binding forces exist in the crystal and that there is an enormous potential to
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reduce the interchain distance from a chemical point of view.

As shown as well, the lower interchain distance has other effects, which
have to be taken into account. It improves the mobility of the exciton and
quenches the Franck-Condon PL. This quenching is not likely to have neg-
ative effects on the device efficiency of OSCs, but for organic light-emitting
diodes (OLEDs) it might not be a desired effect.

As this quenching is connected mostly with low-energy traps, probably
the same happens for electroluminescence, as it occurs in OLEDs. In this
case, the enhancement of the interchain interaction would have to go along
with a reduction of the defect sites in the polymer in order to maintain the
luminescence quantum yield. However, even for OLEDs the quenching of
the Franck-Condon luminescence might not be necessarily detrimental for
the device efficiency. In PFO, the Franck-Condon emission is quenched as
well, but it leads to a stronger defect/excimer emission. Also, phosphorescent
OLEDs require an efficient transport to the phosphorescent sites in the active
film [177]. Similar to the transport of the excitons to defect sites in PFO,
the emission might even be enhanced this way.

For OSC devices, the absorption is only one part which determines high
short circuit currents. Additionally, the charge separation rate of the CT
state is important. At the same time, for a high power conversion efficiency,
it is desirable to have a high open circuit voltage, i.e. a high CT state energy.

As the low energy absorption increases with pressure but the CT state
energy (proportional to open circuit voltage) decreases, it is interesting to
estimate how the device efficiency would change with the application of hy-
drostatic pressure in order to see in which cases it is desirable to achieve
pressure-like effects for devices. Scharber et al. [178] made design rules
solely based on the polymer band gap and the LUMO position of the donor
(while having the PCBM LUMO fixed at —4.3€V), or, more to the point,
on the difference of the LUMO(donor) and LUMO(acceptor). This graph is
shown in figure 7.1. RR-P3HT has a band gap of about 1.9eV and a differ-
ence in the LUMO levels of RR-P3HT and PCBM of about 1.15€eV (values
between 1.21eV [21] and about 1eV can be found [101]). According to our

results (see sketch in figure 7.1), the red arrow in figure 7.1 would describe
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Figure 7.1: Theoretically expected OSC efficiencies; from [8]. The red arrow
marks the expected efficiency change of a RR-P3HT:PCBM OSC under high
pressure. The black dashed arrow marks a hypothetical example of increas-
ing efficiency under pressure. The sketch on the right hand side shows the
changes of the energy levels from 0 GPa to 2 GPa.

the change in efficiency of a hypothetical high pressure OSC.

As can be seen, in such a high pressure OSC based on RR-PSHT:PCBM,
the expected efficiency is lowered from just above 3% to about 2.5% at
4 GPa. The effect of pressure might not be quite as unfavourable as this path
in the graph suggests, for an increase in mobility and a more efficient charge
separation are not taken into account in this model. Both are expected to
occur at smaller intermolecular distances (high pressure) and would probably
increase the expected electrical current of the device considerably.

But with a different polymer there might be very similar but more bene-
ficial changes under pressure. The best polymer to show improved efficiency
for high-pressure-like OSCs would have a higher band gap with a maintained
or - if possible - lower lying LUMO level. For a hypothetical system this is
illustrated by the dashed arrow, which would show a strong increase beyond
the efficiency of a RR-P3HT:PCBM system at ambient pressure. This is
still not considering the improved mobilities and charge separation. If such
pressure-like effects can be applied to high-bandgap polymers the search for

a good donor material would in theory be reduced to finding a polymer with
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a good LUMO level. Of course, such a material would still have to show
that it exhibits good morphologies and mobilities in blends with PCBM. As
mentioned both are very important for an efficient charge separation.

This little gedankenexperiment is important in order to explore and as-
sess the most direct consequences of the results for OSCs, but the aim of the
thesis is more general and the highest benefit for the development of devices
is likely to arise from the better understanding of the organic semiconduc-
tors obtained with the presented experiments. This better understanding
which was gained in course of this work hopefully contributes to design new
materials, to get inspiration for new approaches to design active films and
eventually to make better organic optoelectronic devices for a future which
at the moment might still seem like science fiction.

Concerning future experiments, there are many possible experiments
based on the idea to use hydrostatic pressure as a means to explore the
properties of organic semiconductors. The thesis dealt with already very
good conjugated polymers in their respective field, PSHT for OSCs and PFO
for OLEDs. It would be interesting to study systems which - under ambient
conditions - do not work well as solar cells and investigate with high pressure
if similar changes as for P3HT and PFO can be observed. This can help to
understand why a specific material or blend does not work well for OSCs or
OLEDs and find solution to improve them.

The changes in the power conversion efficiency under high pressure, which
we estimated in this chapter, could also be measured directly. For this, a
working OSC has to be introduced into a pressure cell. The experimental
set-up requires that both the illumination with a light source and the mea-
surements of electrical currents and voltage are possible. These experiments,
especially when combined with PL measurements, could contribute to under-
stand how the performance of OSCs would be affected by pressure. Similar to
this experiment, it would be interesting to try to focus more on the electrical
properties of the active film by measurements of current-voltage-curves and
electroluminescence under pressure. This could give insight into the pres-
sure dependence of the transport properties and bimolecular recombination,
which is important both for OLEDs and OSCs.
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