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Chapter 2

Abstract

The insatiable hunger for energy drives Western society to the limits of consumption of
classical energy sources like fossil fuels. Undesired side effects of the use of these fuels are
starting to rule over its benefits. The search for alternative energy harvesting techniques is of
the greatest interest to find sustainable ways to support our way of living today. One of these
branches of this extensive research domain is the research in organic solar cells. Until now a
maximal efficiency with organic solar cells of 8% is reached. In order to improve these solar
cells, a fundamental understanding of the working principle and its limits is necessary. In this
thesis, a combination of two polymers, PFB and F8BT, is used. This polymer combination
was investigated using morphological (AFM), optical (UV-Vis and fluorescence spectroscopy)
and electrical techniques (IV-characterization and photocurrent measurements). All these
techniques are used in order to search for relations between morphology, light absorption and
emission, and electrical properties of these cells in order to get a better understanding of
their working principles. Annealing at temperatures above the glass transition temperature
of F8BT has shown that the morphological and optical properties of this blend contributed
to fundamental changes of the active layer of these cells. Also a sub bandgap absorption
band has been observed using photocurrent measurements, relating to the composition and
molecular interactions in these solar cells. Although, this is just the beginning, these results
are a first step to a general way of understanding the working principles of all polymer, organic
solar cells.

De onuitputtelijke honger naar energie heeft de Westerse beschaving gedreven naar de
limieten van de consumptie van de klassieke energie bronnen, zoals fossiele brandstoffen.
Ongewilde bijwerkingen van het gebruik van deze brandstoffen beginnen door te wegen ten
opzichte van de voordelen ervan. De zoektocht naar alternatieve manieren om energie te
oogsten zijn dus van grootst belang om ervoor te zorgen dat onze Westerse manier van leven
op verantwoordelijke wijze onderhouden kan blijven. Een van de takken van dit onderzoeks-
domein is het onderzoek naar organische zonnecellen. Het efficintie record van vandaag voor
organische zonnecellen ligt rond 8%. Om deze efficintie te verhogen is het nodig om een
fundamenteel begrip te krijgen over de werkingsprincipes en limieten ervan. In deze thesis is
er een combinatie van twee polymeren gebruikt: PFB en F8BT. Combinaties van deze twee
polymeren werden bestudeerd met morfologische (AFM), optische (UV-Vis en fluorescentie
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CHAPTER 2. ABSTRACT 3

spectroscopie). Na het integreren van deze lagen in zonnecellen, elektrische technieken zoals
stroom-spanning karakterisatie en fotostroom metingen werden gebruikt voor het onderzoeken
van de foto elektrische eigenschappen van deze materialen. Een thermale behandeling van
deze materialen bij temperaturen juist boven de glas transitie temperatuur van F8BT in-
duceerde morfologische en optische veranderingen in deze polymeren. Door gebruik te maken
van foto-elektrische metingen is er ook een sub-bandgap absorptie band waargenomen, welke
gerelateerd kan worden aan de moleculaire samenstelling van deze cellen. Ondanks dat dit
enkel het begin is, hebben deze resultaten een eerste stap gezet tot een algemeen beeld van
de werkingsprincipes van alle organische zonnecellen.
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Chapter 3

List of abbreviations

• AFM: Atomic force spectroscopy

• AM: Air mass

• AUC: Area under the curve

• CB: Conduction band

• CT: Charge transfer

• D/A: Donor acceptor

• DOS: Density of states

• DSSC: Dye sensitized solar cell

• Eg: Effective bandgap energy

• EQE: External quantum efficiency

• F8BT: Poly(9,9-dioctylfluorene-co-benzothiadiazole)

• FF: Fill factor

• FTIR: Fourier transform infrared spectroscopy

• FTO: Fluorine tin oxide

• FTPS: Fourier transform photocurrent spectroscopy

• HOMO: Highest occupied molecular orbital

• IMO: Instituut voor materiaal onderzoek

• Imax Current at maximal power

• IR: Infra red

• Isc: Short circuit current
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• ITO: Indium tin oxide

• IV: Current voltage

• LHE: Light harvesting efficiency

• LUMO: Lowest unoccupied molecular orbital

• MDMO:PPV: poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene-vinylene]

• MilliQ: demineralized

• P3HT: poly(3-hexylthiophene)

• PC: photocurrent

• PCBM: phenyl-C61-butyric acid methyl ester

• PEDOT:PSS: Poly(3,4- ethylenedioxythiophene)-polystyrene sulfonate

• PFB: Poly(9,9-dioctylfluorene-co-bis-N,N-(4-butylphenyl)-bys-N,N-phenyl-1,4-phenylenediamine)

• RMS: Root mean square

• Tg: Glass temperature

• UV: Ultra Violet

• VB: Valence Band

• Vis: Visual

• Vmax: Voltage at maximal power

• Voc: Open circuit voltage



Chapter 4

Introduction

4.1 Conductive polymers: a surprising discovery

Advanced conjugated polymers are nowadays attracting considerable interest with regard to
their numerous applications in microelectronics [1], nonlinear optics [2], magnetism [3] and
specific interactions with inorganic species [4]. Such polymers are commonly used in practical
applications such as polymer light-emitting diodes [5], organic field-effect transistors [6], anti
static layers [7], solar cells [8] and sensors [9]. In 2000 Alan J. Heeger, Alan G. MacDiarmid,
Hideki Shirakawa [10]were awarded the Nobel Prize in Chemistry for their extensive research
in the field of conjugated polymers.

A key property of a conductive polymer is the presence of conjugated double bonds along
the backbone of the polymer. In conjugation, the bonds between the carbon atoms are
alternately single and double. Every bond contains strong localized ’sigma’ (σ) bonds. In
addition, every double bond contains a delocalized ’pi’ (π) bond. However, conjugation is
not enough to make the polymer material conductive. Charge carriers in the form of extra
electrons or holes have to be injected into the material [10]. This can be achieved by chemically
doping the materials in order to vary the conductivity such that a range from insulating, over
semi-conducting to metallic properties are feasible.

An overview of the conductivity of materials can be seen in figure 4.1

Figure 4.1: Conductivity of conjugated polymers compared to those of other materials, from quartz

(insulator) to copper (conductor)[10].

In 1872, Ludwig Boltzmann described the thermal properties of electrons in a system. He
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CHAPTER 4. INTRODUCTION 9

described that the fractional number of electrons Ni
N occupying a set of states i and possessing

an energy Ei as [11] [12]:
Ni

N
= exp(− Ei

kBT
) (4.1)

Where T is equal to the temperature of the system and kB is Boltzmann’s constant.
The electronic properties of materials can also be described by quantum mechanics [10]

[12][13]. Here it is assumed that all materials consist of atoms, and/or combinations of atoms
(molecules). The atom itself is made up by positive protons and neutral neutrons present
which form nucleus. Around this nucleus a cloud of negatively charged electrons are present
to preserve the charge neutrality of the atom. These electrons can be considered as free
particles in a box. The energy is given by the following equation:

En =
n2h2

8m(Nd)2
(4.2)

Where h is the Planck’s constant, N the number of electrons separated by a distance d.
m is the mass of the electron and n is a referred to as the quantum number. So the energy
of an electron can be considered as quantified by the quantum number n. This is in contrast
to the description by Boltzmann, where the energy distribution of an electron is continuous.
In addition, the electrons are present in pairs with different electron spins. This is necessary
according Pauli’s exclusion principle where all the electrons in a system have a unique set of
quantum numbers.

In the case of a semiconductor, electrons present in the highest occupied molecular orbital
(HOMO) is given by:

EHOMO =
(N2 )2h2

8m(Nd)2
(4.3)

The energy of the lowest unoccupied molecular orbital (LUMO) is given by

ELUMO =
(N2 + 1)2h2

8m(Nd)2
(4.4)

When the electrons are driven to cross the gap from the HOMO to the LUMO of a
material, they have to bridge an energy gap, given by:

∆E = ELUMO − EHOMO (4.5)

This energy gap is also known as the bandgap of the material. If this gap is very small,
electrons in the valence band (VB) can gain thermal energy to cross over to the conduction
band (CB) and take part in the conduction process. This gives the intrinsic conductivity of
the semiconductor.

The distribution of electrons over energy is described by the Fermi-Dirac distribution
published by E. Fermi and P. Dirac in 1926. At a temperature of 0K, it is 100% certain that
all the electrons are present in energy states smaller or equal to Ef . The probability that the
energy state E is occupied by an electron is given by f(E):

E < Ef → f(E) = 1

E > Ef → f(E) = 0
(4.6)
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When T > 0, some of the electrons will have enough energy to be excited, and to jump
from the HOMO-state to the LUMO-state leaving a vacant energy level behind. This will
happen only for the electrons with energies close to Ef , because electrons with lesser energy
have less chance to get an energy boost large enough to free them from their previous position.
Fermi and Dirac combined the classical description of the temperature-dependent behaviour
of an electron described by Boltzmann with the quantum mechanical description of the energy
of electrons into a new theory based on the Fermi-Dirac distribution. This relation is given
by:

fe(E) =
1

1 + exp(E−EF
kT )

(4.7)

Here exp(
E−Ef

kT ) represents the Boltzmann energy distribution of electrons at temperature
T. The change of occupation at different temperatures is illustrated in figure 4.2 a.

When the electron leaves the HOMO of the material, a hole stays behind. The occupation
of holes is given by 1− fe(E) and is equal to:

fh(E) = 1− fe(E) = 1− 1

1 + exp(E−EF
kT )

(4.8)

This relationship is illustrated in figure 4.2 b.

Figure 4.2: (a) The Fermi-Dirac distribution fe(E), describes the probability of finding a set of

electrons with an energy E=0.55eV in the state below the Fermi energy. (b) The Fermi-

Dirac distribution fh(E), describes the probability of finding a set of holes state below

the Fermi energy. This is both done at a temperature of 0K, 150K and 300K.

Ef is by definition the energy at which the probability to obtain the occupation of the
level equal to 1

2 . The Fermi-Dirac equation can be multiplied with the density of states(DOS),
in order to obtain the number of occupied states as a function of energy. The DOS describes
the number of states at each energy level that are available to be occupied. A high DOS at
a specific energy level means that there are many states available for occupation. A DOS of
zero means that no states can be occupied at that energy level. So for semiconductors, the
concentration no(E) of occupied states in the conduction band at a certain energy E is given
by [14]:

no(E) = D(E)fe(E) =
D(E)

1 +
exp(E−Ef )

kT

(4.9)
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The concentration nu of unoccupied states per energy in the valence band is likewise

nu(E) = D(E)fh(E) = D(E)− D(E)

1 +
exp(E−Ef )

kT

(4.10)

It has to be noted that the description focused on charge carriers in a semiconductor. In
a more fundamental approach one uses the chemical potential µ of the particle in question
instead of Ef .

4.2 Organic Solar Cells

For already a few billion of years, photosynthetic organisms have been thriving on the abun-
dance of water and CO2. Under high temperature and pressure and millions of years of time,
the remains of these organisms convert into ’fossil fuels’. In 1712, Savery and Denis Papin
began using these ’fossil fuels’ as heat source for the production of steam in the first com-
mercial steam engines, paving the road to the industrial revolution [15]. Since then, western
society has thrived on the use of these fuels. Its fuel dependent population expanded as never
before. The oil crisis in 1973 and the more recent crisis in the Middle East illustrate how
fragile this dependency is. Besides human dependency on fossil fuels, its exploitation and
use have enormous consequences on the environment we all depend on. The recent failure of
the Deep water Horizon oil rig shows how balancing on the edge of technical abilities ended
in an incomprehensible natural disaster in the Gulf of Mexico [16]. Moreover, during the
industrial revolution, lots of fossil fuels were burned, leading to increased amounts of CO2

in the atmosphere. Because CO2 is a greenhouse gas, it tends to prevent solar energy from
leaving the earth surface, contributing to a global warming effect. It is possible that the con-
sequences of global warming will induce dramatic changes in the climate. Therefore, people
started to search for energy alternatives, in water-, wind- and solar energy. The latter is a
very promising form of energy because it can be harvested everywhere on the planet. And
most important of all, it is plentiful: 3.1024 J

year reaches the Earth’s surface, 104 times the
amount equivalent to the energy needs of today’s world population [17]. The only problem
left now is how to harvest this energy efficiently?

One of approaches is the study of the process where it all started with: photosynthesis.
The first approach to build an artificial variant on this process dates back from 1968 [18],
where chlorophyll was used to sensitize a metal oxide. Later on, chlorophyll was replaced by
more efficient ruthenium complexes [17]. The integration of this system in an electrochemical
cell is referred in the field as dye sensitized solar cells (DSSC). The working principle of DSSC’s
is described as follows: when light reaches the reactive metal core of the pigment molecule, its
electrons are excited and are released in the CB of the metal oxide. This will lead to charge
separation of electrons and holes. The free electron will travel through the metal oxide layer
till an ITO or FTO layer is reached. This layer is connected to an external circuit. After
running through this external circuit the electron reaches a metal back electrode. Here it will
be taken up by an iodide/triiodide redox-electrolyte that will function as an electron carrier,
which will return the electron to the metallic core of the dye complex. Now the process can
start all over again. The efficiency of these cells are around 11% nowadays [19].

During the 1980’s, all organic pn-junctions consisting of of donor and acceptor materials
were introduced (figure 4.3 (a)). These cells consist of a layered electron donating (donor)
and electron accepting (acceptor) organic molecules or polymers. When light with sufficient
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energy shines on these cells electrons in the donor layer are excited forming electron hole
pairs or excitons. These pairs have a large binding energy. So the electrons have not enough
energy to split efficiently from their holes. Instead, these excitons diffuse through the donor
layer to reach the interface with the acceptor where electron transfer will occur from donor
to acceptor. Since the diffusion length of these excitons is only 10 nm, (this region is also
called the photo-active region), only these excitons will diffuse to the interface and will form
free charges. After efficient splitting of these excitons the electron is conducted through the
acceptor layer to the anode. The hole on the other hand will travel through the donor layer to
the cathode. After the transport of the electron through the electrical circuit, it will reach the
cathode where it will recombine with the hole. A big disadvantage of these devices is that a
relatively large part of the excitons cannot reach the donor acceptor (D/A) -interface, because
the distance they have to travel to the D/A-interface was bigger than the diffusion length of
this exciton (around 10 nm). So large parts of these pairs recombine without creating free
electrons.

This is why in the 1990’s bulk heterojunctions were introduced (figure 4.3 (b)). The
working principle of these cells is comparable with that of a bilayered organic solar cell. The
only difference is that the active layer is a blend of the donor and acceptor material in order to
reduce the distance that the excitons have to travel to the interface, to the diffusion length of
10nm. So the amount of excitons, efficiently separated in charges, present in the photo-active
region rises a lot compared to the double layer setup. In this way, the charge generating area
is largely extended since in this diffuse interlayer excitons are always in close proximity to the
charge separating D/A interface.

Figure 4.3: Schematic illustration of a polymer-bilayer solar cell(a) and a polymer-bulk heterojunc-

tion solar cell (b). In both cases an active layer of 100 nm thick is present sandwiched

between a poly(3,4- ethylenedioxythiophene)-polystyrene sulfonate (PEDOT:PSS) layer

connected to the ITO-electrode. On the other side the active layer is connected with a

metal counter electrode.

High efficiencies of 5− 6% have been achieved with these bulk heterojunction solar cells.
In previous times, the electron donor poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene-
vinylene] (MDMO-PPV) was used in combination with a lot of different electron-acceptors,
reaching efficiencies of 3% [8]. Later, regioregular poly(3-hexylthiophene)(P3HT): phenyl-
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C61-butyric acid methyl ester(PCBM) replaced MDMO-PPV:PCBM as dominant absorber
layer in solar cells, reaching efficiencies of 4% [8]. Recently, a company called Solarmer has
set the record for organic solar cells at an efficiency of 8% [20].

4.3 Solar Energy

4.3.1 Solar Power

As described in [21], the sun radiates energy as if it were a black body, described by Planck,
with a surface temperature of 5762 K. Before this light reaches the earth it has to travel
a distance of rs−e = 1, 5.1011m. The average power of the sun reaching the outer Earth
atmosphere is equal to 1366.1 W

m2 . Before this energy reaches the Earth surface, the light has
to travel through the atmosphere.

This atmosphere modifies the solar spectrum reaching the Earth surface [22], absorbing
a lot of infrared (IR) and ultraviolet (UV) light from the Sun, depending on the latitude at
which one would measure its spectrum.

Because of these differences, international standard solar spectra have been determined.
Three standards can be used: the Air Mass (AM)0, AM1 and AM1.5 global (g). An overview
of these spectra is illustrated in figure 4.4. Before entering the atmosphere, the light spectrum
is called AM0 (black curve in figure 4.4) . At the surface on the equator, the light spectrum is
termed AM1 (red curve in figure 4.4). The AM1.5g is used for the spectrum that is received
all over the globe on places where the sunlight travels 1.5 times the distance through the
atmosphere compared to the distance it has to travel at the equator (green curve in figure
4.4). For this thesis a solar simulator emitting light with a power of 1000 W

m2 has been used.
This is according to the AM1.5g spectrum.

Figure 4.4: The spectral radiance measured outside the Earth’s atmosphere AM0, on the Earth sur-

face near the equator AM1, on the Earth surface in the northern hemisphere (AM1.5)[21].

Also measured in vivo absorption spectra of photosynthetic pigments of plants and algae

are presented [23].
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In figure 4.4, the absorption spectra of some very common pigments that are used by
living organisms to convert light with usable energy are also displayed. It is obvious that
these spectra overlap with the high intensity of the solar irradiation.

4.3.2 Optical properties of semiconductors: Absorption and emission rates

and the importance of the interface

When light interacts with matter, a delicate equilibrium exists between light absorption and
emission according to the absorption and emission rate. In 1917 Einstein described this
phenomenon for atoms in his study ’On the quantum theory of radiation’ [24]. From this
relation, Strickler and Berg derived a variant for molecules (1962) [25].

This relation between absorption and emission is quite important to understand the
photon-electron interactions in solar cells. It implies that molecules with a high absorp-
tion rate, will also have a high emission rate. This will unavoidably lead to a lower lifetime of
the excited state. A good working solar cell needs a high absorption rate. But for the excited
molecule to dissociate into free carriers, which are then transported to the electrodes, a low
emission rate is necessary. So, the understanding of the delicate balance between these two
rates is important to improve the efficiency of solar cells.

The relation between the absorption and emission intensity and the Einstein coefficients
A and B are given in the Strickler- Berg derivation. Here it has been shown that for the
absorption rate the relation is given by [25]:

Bground→excited =
2303

hnRA

∫
εdυ (4.11)

The emission rate is given by

Aexcited→ground =
8 ∗ 2303πn2

c2RA

∫
I(υ)dυ∫

υ−3I(υ)dυ

∫
εdυ (4.12)

For the derivation of these formula, the energy of the light is expressed in frequency υ
(1s ). For the absorption rate, the extinction coefficients are integrated over all energies. RA is
Avogadro’s number. The refractive index of the surface is n and h is Planck’s constant. The
speed of light in a vacuum is given by c. For the emission rate, the fluorescence intensities
are integrated over all frequencies.

Not only the absorption and emission properties of the pure materials are important. Since
in organic solar cells the junction is of a molecular nature, the interaction properties between
them are of major importance. Due to the electronic interactions of donor and acceptor
materials at the interface the local behaviour of the polymers will change, leading to the
stabilization of the molecular complex. This stabilized complex is also known as the charge-
transfer complex. In the course of this thesis, the presence of this complex is investigated
for an all polymer solar cell consisting of poly(9,9-dioctylfluorene-co-bis-N,N-(4-butylphenyl)-
bys-N,N-phenyl-1,4-phenylenediamine) (PFB) as donor material and poly(9,9-dioctylfluorene-
co-benzothiadiazole) (F8BT) as acceptor. A schematic representation of this charge transfer
interaction in these materials is shown in figure 4.5.
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Figure 4.5: General view of a charge transfer complex between the donor (PFB) and acceptor (F8BT)

materials used for this thesis.

The nature of the forces in a charge-transfer (CT) complex is not a stable chemical bond
and is much weaker than covalent forces, it would rather be characterized as a weak electron
resonance. As a result, the excitation energy of this resonance occurs very frequently in the
visible- and IR-region of the electro-magnetic spectrum. These optical absorption bands are
often referred to as CT-bands. Such interactions were formerly detected by the application
of highly sensitive spectroscopic methods. This was done using blends consisting of organic
donor materials in combination with PCBM [21]. In this thesis, the same techniques will be
used to investigate this phenomenon in all polymer solar cells.

4.4 Efficiency of a solar cell

4.4.1 Power conversion efficiency

To determine the efficiency of a solar cell, the output current (I) is measured as a function of
the applied voltage (V) as represented in a current voltage (IV) characteristic [26]. A typical
IV-characteristic can be seen in figure 4.6 (a).
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Figure 4.6: IV-curve of a solar cell. An ideal diode is represented in the orange dashed line. The

IV-characteristic of a real solar cell is represented by the green line. (b) An equivalent

scheme of a solar cell is described here.

If no light is applied on an ideal solar cell, the dark current (ID) will follow the IV-
characteristic of a diode (the orange dashed line in figure 4.6(a)) and can be expressed as
[13]:

ID = I0(exp(
qV

kT
)− 1) (4.13)

Here, I0 is the reverse saturation current. During the illumination on this ideal solar cell,
the position of I0 will shift according to an opposing light current IL as described in figure
4.6(b). In this situation, the IV-characteristic is represented by the purple curve in 4.6(a)
and described by the equation below:

I = ID + IL

= I0(exp(
qV

kT
)− 1)− IL

(4.14)

A real solar cell’s behaviour deviates from ideal, represented by the purple curve in figure
4.6a. The IV-characteristics of real solar cells is described by the green line in figure4.6 and
this is described by the equation below [27]:

I = IL − I0(exp(
qV +RsI

kT
)− 1)− V +RsI

Rp
(4.15)

Here, there are some important parameters:

• Isc is the short circuit current. This is the equivalent for IL.

• Voc is the open circuit voltage. This is the voltage where the net current flowing is equal
to 0A.

• The generated power by this solar cell is maximal at (Pmax). This value is determined
by Imax and Vmax.

• Rs is a the resistance caused by impurities at the metal-polymer contacts [27].

• Rp is the resistance as a result of lost currents [27].
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According to Ohm’s law, the values of Rs and Rp can be calculated from the first derivate
of the IV-characteristic. 1

Rs
is the value of the first derivate of the JV-characteristic when

V = Voc.
1
Rp

is the resistance when V = 0V . In the ideal case Rs is zero and Rp =∞ [27].
When the IV-characteristic of the solar cell is known, it is possible to calculate the power

of this cell by making the product between the current and the voltage at each point of the
curve. The coordinate of the voltage and current where the power is maximal can be denoted
as the maximal power point(Vmax,Imax). After determining Voc and Isc the fill factor FF can
be easily determined by:

FF =
Pmax
IscVoc

=
ImaxVmax
IscVoc

(4.16)

This fill factor FF can thus be represented as the area of the IV-characteristic.
The efficiency η can be defined as the ratio of the maximal power of the solar cell and the

power of the polychromatic light falling on it. It is given by [21]:

η =
Pmax
Plight

=
IscVocFF

Plight

=
ImaxVmax
IscVoc

IscVoc
Plight

=
ImaxVmax
Plight

(4.17)

4.4.2 Photon-to-electron conversion efficiencies

It is also very useful to determine the efficiency of which a photon with a certain energy will
contribute to the photo-current. This efficiency is also called the external quantum efficiency
(EQE) or incident photon to current conversion efficiency. This relation is given by the
following equation:

EQE = LHE(λ)φinjηcoll

=
Nout
e

N in
ph

(4.18)

The light harvesting efficiency (LHE) for photons at a wavelength λ is represented by
LHE(λ). This is equivalent to the absorption coefficient. φinj is defined as the quantum
yield for electron injection from the excited donor into the LUMO of the acceptor and ηcoll is
the charge collection efficiency [17]. This equation can also be seen as the ratio of number of
electrons leaving the system Nout

e and the number of photons with a wavelength λ falling on
the device N in

ph [21].
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4.5 Used conjugated polymer combination: F8BT and PFB

4.5.1 Chemical structure and uses in organic solar cells

Polyfluorenes are photoelectric active materials which can be used over the whole visible range
of the solar spectrum [28]. Provided that the maximum phase size is of the order of the exciton
diffusion length, excitons can be split across heterojunctions with near unit efficiency, even
with minimal band-edge offsets [29]. Quenching of fluorofores is caused by the prevention of
irradiative relaxation of excited electrons [30]. This can be done by radicalization, where the
excited electron is transferred from the electron donor to the acceptor. Another possibility is
the transfer of the excitation energy from donor to acceptor, where the electron in the donor
material relaxes but the emitted energy is directly transported to the acceptor, which will be
excited.

In this thesis we investigated the effect of annealing on the fluorescence and absorption
properties as a function of the relative fraction of the donor PFB in the acceptor F8BT as
can be seen in figure 4.7. Moreover the sub-bandgap absorption properties of these annealed
films were measured by photocurrent spectroscopy.

Figure 4.7: The polymer-polymer combination used in this thesis. PFB was used as a donor material

while F8BT functioned as acceptor. Blends with different fractions of these two polymers

were investigated here in function of fraction and annealing effects.

This D/A-system has been investigated by Friend et al. for the use in organic solar cells.
PFB is a conjugated polymer that absorbs light at 426 nm. The maximal emission intensity
can be seen at 450nm. F8BT has a maximal absorption intensity about 475nm, and emits at
540nm. These values can be correlated to cyclic voltometric measurements done by [30].

It has been seen in [21] that the charge transport over the junction is correlated with the
presence of exciplexes in the photo-current spectra of different donor polymers in combination
with PCBM as electron acceptors. This combination was relevant to study because the
most efficient devices are made from polymer blends of donor molecules in combination with
electron acceptors high electron affinities, such as fullerene derivatives. But in these blends,
large band-edge offsets reduce the available open-circuit voltage and fundamentally limit the
photo voltaic efficiency is shown in figure 4.8.
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Figure 4.8: Band scheme of (a) a material combination of P3HT : PCBM compared with (b) a

PFB : F8BT blend. It is indicated that Voc for PFB : F8BT blends is higher than for

P3HT : PCBM .

In part (a) a representation is made between the HOMO-LUMO band schemes of a
P3HT:PCBM combination which has an efficiency of approximately 3% and with a Voc of
around 1V. On the other hand, a HOMO-LUMO band scheme of a PFB:F8BT blend is rep-
resented in figure 4.8 b. It can be observed that the Voc for this blend is around 1.57V. One
should expect, that the efficiency should by higher due to the higher value of Voc, but it is
seen that the efficiency of these solar cells are a lot lower.

The reason that material combinations with low band-edge offsets have so far failed to
outperform the solar cells made from fullerene derivatives, can be found in the transport and
recombination mechanisms for the free charges in the bulk materials [30].

It has also been demonstrated that heating the active layer of the device to a temperature
greater than the glass temperature Tg. This allows 1) the polymer chains to reorganize
and 2) the acceptor molecules to freely diffuse into the composite and reorder in a more
thermodynamically favorable way [31]. This reflected in higher hole mobilities, higher FFs
and reduced serial resistances [8]. It has already been observed that controlled annealing of
intimately mixed PFB:F8BT blends have impact on nanoscale phase separation. A distinct
phase separation has been noticed for 140 and 160C annealed films with domain sizes of
18 ± 4 and 35 ± 8 nm, respectively, measured from cross sectional profiles. The evolution
of morphology over this temperature range corresponds to a glass transition temperature of
140C for F8BT and PFB [29].

Besides these classical absorption and emission bands, also a characteristic exciplex emis-
sion can also be noticed at 630nm. Until now, the exciplexes in the PFB:F8BT blends were
only studied with optical techniques (light emission) [30]. In this thesis thesis an attempt
was made to reveal the existence of exciplex formation with high sensitive spectroscopic tech-
niques such as Fourier transform photo-current spectroscopy and conventional photo-current
spectroscopy [21] and [26].
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Material and Methods

5.1 Optical techniques

5.1.1 Sample preparation

Samples for optical measurements consist of a glass substrate with a spin coated layer (±100nm)
of the organic compound under investigation.

Glass substrates were cut from microscope slides (Thermo scientific) into spectrometer
specific dimensions. They were mechanically cleaned with a honeycomb wiper permeated
with a soap solution ( soap

water = 1
20) (BUEHLER ultramet 2 sonic cleaning solution). The

substrates were ultrasonically cleaned for 30 minutes in the soap solution and rinsed with
MiliQ-water. After the washing, the substrates were ultrasonically cleaned in acetone for
15 min, followed by boiling in isopropanol for 10 minutes. Acetone and isopropanol were
obtained from VWR. After cleaning they were dried using a nitrogen flow.

Polymer mixtures were obtained by making solutions (10mgml ) of PFB (MW: 80000-120000)
(American Dye Source) and F8BT (MW: 5000-8000) (Sigma Aldrich) in chloroform (with 0.6%
ethanol) (VWR) in a nitrogen environment. After stirring for 24 hours the pure materials were
blended in fractions of 0.2-0.8 in steps of 0.1. These solutions were spincoated on the cleaned
glass substrates at 700 rpm for 2 minutes. Layers with a thickness of around 100-150nm were
obtained. These values were confirmed by the use of DEKTAK measurements.

Optical spectroscopy measurements were performed in air. This was done before and after
10 minutes of annealing at 140C in a nitrogen atmosphere in the glove box.

5.1.2 Absorption Spectroscopy

Working principle

When light, with an equal or higher energy than the bandgap of the polymer, illuminates on
the sample, it promotes electrons residing in the HOMO to a higher energy orbital. Here, the
absorption of light is exponentially related to the fraction of absorbing molecules encountered
by the light, F. Secondly, it is also correlated with the thickness of the molecular layer d(cm).

These two relationships are combined in the Law of Lambert-Beer, which given in equation

20
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5.1
Idetector
Ilamp

= 10(−εdF ) (5.1)

Where Ilamp is the incident light intensity on the sample and Idetector is the light intensity
falling on the detector.

In general, a UV/Vis spectral setup, such as the Varian Carry 500 used during this thesis,
is built up from 5 compartments as described in figure 5.1 [32][33]:

• First a stable source of radiant energy is needed. In most UV/Vis measurement setups, a
continuum light source is used. The light in the visible range comes from a halogen lamp
(240−2500nm). For ultra violet light, the system uses a deuterium-lamp (160−380nm).

• Wavelength selectors are used to isolate a limited region of the spectral range of the
light source for measurement. This is necessary to restrict the radiation being emitted
to a narrow band that is absorbed by the sample. In this way the chance for deviations
from the law of Lambert-Beer due to polychromatic radiation is diminished. For UV-Vis
measurements, monochromators are used as wavelength selector. It consists of a number
of gratings to split white light in different energetic fractions. Besides this, there are also
slits openings present at the entrance and exit of the setup. This is necessary to improve
the wavelength selection. When the slit opening is smaller, the spectral shape leaving
the setup will narrow. But by reducing the slit opening, the light intensity leaving the
monochromator is also diminished. So there should be a good equilibrium between the
light intensity leaving the monochromator and the spectral line broadening. The light
used from the monochromator had wavelengths between 200 and 1000 nm. These were
produced at a scanning speed of 1nms and a resolution of 1nm. Each measurement was
integrated over a period of 1s.

• The sample compartment consist of a special designed sample holder. This was used to
make these samples compatible with the UV-Vis setup.

• The detector consists of photo diodes. In many cases it is necessary to use multiple
photo diodes with sensitivities to different spectral regions in the UV-Vis spectrum.

• The signal processing was done by a computer.

Figure 5.1: The setup for UV-Vis spectroscopy.

5.1.3 Fluorescence emission spectroscopy

Working principle

A fluorescence emission setup such as described in figure 5.2 is used. The light source used
for spectrofluorimetry is a Xenon lamp. These lamps are very useful because of their high
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intensity at all wavelengths ranging from 250nm up to 1000nm. An excitation monochromator
is used to select the wavelength of the light falling on the sample. After the electrons of
molecules are excited to higher energy levels by absorption of electromagnetic radiation, they
will relax back to a more stable ground state by emission of a photon with an energy according
to the energy difference between the excited- and the ground state. Since not all the lost energy
is released as light, the wavelength of the fluorescent light is longer than that of the absorbed
light. The emitted light is collected by an emission monochromator in an angle of 90 in respect
to the exit of the excitation monochromator to prevent the detection of excitation wavelengths.
Like absorption spectroscopy, fluorescence spectrofluorimeter monochromators also use slits to
regulate the width of the energy distribution of the excitation and emission light. Afterwards
the photons are converted in an electrical signal by the use of a photomultiplier tube which
measures the number of photons per second falling on the photo anode. At last this electrical
signal will be read out by a computer [32][33].

Figure 5.2: The setup for spectrofuorimeter.

For this thesis a Fluorolog Tau-3 Lifetime system is used. For good fluorescence spectra,
the samples were excited at 375nm, and emission spectra were measured in the range of 400-
750nm with a speed of 1nmsec . To measure the light intensities of the pure materials and the
mixtures at the same slit opening, a slit opening of 1nm was used for both excitation and
emission monochromators.

5.2 Atomic Force Microscopy

5.2.1 Working principle

The samples were prepared as described for the optical measurements. The only difference
is that the dimensions of the samples were adapted to dimensions usable in the atomic force
microscope (AFM).

Contact mode AFM is a method used to describe the topography of a surface in orders
of nanometers to micrometers. For the measurement setup, a small tip is attached to a
cantilever. This tip scans over the surface of the sample in one plane. When the tip encounters
the material surface, interactions between atoms in the tip and those on the sample surface,
related with the height of the sample and its chemical composition, creates a characteristic
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force profile and cause eventual attraction or repulsion of the tip to the surface. A laser
beam is bounced off the cantilever and directed toward a photo diode detector to record the
deflection of the cantilever in response to the surface. In response to the change in deflection
of the laser-signal a feedback loop is created towards a piezo-electrical crystal to adjust the
sample position, and restore the deflection of the laser. This signal is related to roughness of
the sample.

For polymers and other soft surfaces, contact mode is not useful because of the high risk to
damage the surface of the sample. Therefore, the tip will oscillate during the measurements.
This AFM-method is called tapping mode AFM. Apart from information about the surface
morphology, it is now also possible to get a measure for the influence of the attractive forces
of the surface on the cantilever oscillating frequency. If during the experiment the oscillation
amplitude of the tip is kept constant by a feedback loop, it is possible to detect changes in
the tip-sample interaction causing a modulation of the tapping frequency and consequently a
phase difference between the input frequency and the recorded frequency. These signals will
be processed by the use of a computer [34].

For the measurements a surface of 0.5m2 and 1m2 were measured using a Nanoscope IIIa
AFM.

Figure 5.3: The working principle of tapping mode atomic force AFM.

5.3 Electrical techniques

5.3.1 Sample preparation

For making solar cells, glass with a conductive layer is needed. For this thesis, glass with an
ITO-layer is used. These substrates were washed the same way as described in the section for
the optical measurements. After washing, the substrates were placed under an UV-lamp for
15 minutes. This lamp will produce ozone, what will be used to burn remaining small organic
molecules on the glass surface. Afterwards, a layer of PEDOT:PSS (HC. Stark) was deposited
by spin coating in air (WS-400XB-6NPP/LITE). This layer annealed for 20 minutes at 120C
on a hot plate.

The polymer blends were prepared in the same way as for the optical measurements. To
prepare solar cells, the polymer was deposited on ITO:PEDOT-glass by spin coating. The
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spin coat settings for the spin coater in the glove box (Karlsuss CT 62) were the same as
described for the optical measurements to ensure that no morphological effects would interfere
in the comparison between optical and electrical measurements.

After spin coating the polymer layers were deposited, a metal counter electrode was evap-
orated on this layer. This was done with a built in metal evaporator (Leybold). The evapora-
tion process is done at ultra high vacuum (1.6.10−6mbar). First, a 20nm Calcium (Calcium
ingot 99% alfa Aesar) layer was deposited. Secondly a 50nm thick layer of Aluminium(99.9%
Kurt J. Lesker company) was deposited.

For all measurements, these solar cells are kept in a nitrogen environment to prevent the
oxidation of the calcium layer.

5.3.2 IV-characterization

The IV-characteristics of the solar cells were measured using Keithley 2400 source meter.
The solar light was simulated using a Newport oriel class A solar simulator. This simulator
produces a parallel light beam on the solar cell with a power of 1 sun at 1.5AM illuminating
the solar cell. The current was measured at voltages from -0.5V up to 2V.

5.3.3 Photo current measurements

For photocurrent (PC) measurements, the number of electrons per wavelength, impinging on
the solar cell is measured. The setup is depicted in figure 5.4 (a). As a source of light a
halogen lamp used, chopped at 20Hz by a wheel chopper. This light is split into different
energy components by the use of a monochromator. This monochromatized light was focused
up on a beam splitter to split it into two beams. One beam of light was directed to a
pyro reference detector, connected with a Stanford Research System, model SR830 Lock-
in amplifier. This lock-in measures the spectral response of the light source and serves as
a reference measurement for the sample outputs. The other part of the light was focused
onto the solar cell. If the light falling on the solar cell has enough energy, it will give rise
to a photocurrent. This photocurrent was preamplified using a model 5182 Perking Elmer
preamplifier. This signal was measured using a EG&G720 lock-in amplifier. The two signals
were sent to a computer system were they were processed using a homemade Labview program
[26].

Another way to measure the photocurrent is called Fourier Transform Photocurrent spec-
troscopy (FTPS). A schematic representation of the setup is displayed in figure 5.4 (b) bottom.
This method is based on the working principle of Fourier transform infrared (FTIR) spec-
trometer [26]. In FTIR, the source of light is modulated by a the Michelson interferometer
instead of a monochromator. When an incoming beam of white light enters the interferome-
ter, it will fall on a beam splitter used to split this light beam in two separate beams. One
of these beams will be transmitted by the beam splitter and will fall on a fixed mirror, while
the other will be reflected by the beam splitter in an angle of 90. This beam will fall on a
moving mirror. This moving mirror moves between two fixed positions. Both of the mirrors
will reflect this light beam back into the beam splitter. According to the wavelike nature of
light and energy, the returning light beams will interfere with each other, because of differ-
ences in the path length that both waves have traveled to reach the beam splitter again. This
interference can be constructive or destructive. The resulting outgoing beam will still consist
of white light, but the fractions of energy present in the beam will be different according to
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the position of the moving mirror. This outgoing light is directed out of the spectrometer
and focused on the solar cell, generating a photocurrent. The amount of this photocurrent
produced is dependent of the spectral response of the solar cell, and also on the path length
difference of the light beams in the interferometer. By the use of a Fourier transformation,
it is possible to convert the signal dependent on the path difference into an energy (in wave
number) dependent signal using:

I(ν) =

∫ +∞

−∞
I(δ)cos(2πνδ)dδ (5.2)

Where ν is the wave number expressed in cm−1 and δ is the difference in path length
between the two rays [21].

Figure 5.4: The working principle of photocurrent. (a) The conventional setup for photocurrent

measurements. (b) The setup for FTPS measurements.
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Result and discussion

6.1 Atomic force microscopy

6.1.1 Height profile measurements

The AFM-measurements show that the topography of the surface of a PFB:F8BT (1:1) blend
gets rougher after annealing for 10 minutes at a temperature just above the glass temper-
ature of F8BT (140C [35]) (figure 6.1). The increase in roughness is probably caused by a
rearrangement of the polymer chains.

Figure 6.1: Comparison of the topography of a F8BT:PFB (1:1) blend sample surface (a) before and

(b) after annealing for 10 minutes at 140C.

As shown in figure 6.2 the root mean square (RMS) of the height positions is used as
a measure for the roughness of the surface of the sample. It can be seen that the RMS
increases over all blends after annealing. Where the unannealed blends show only a minor
increase in roughness with fraction of F8BT, the RMS value for the annealed films increase
by a factor of 10 orders of measurement for fractions of F8BT rising from 0 till 0.6. Although
the increase in roughness is seen, the films are is still relatively flat (1.8nm). For the ranges
of F8BT:PFB fractions higher than 0.6, the RMS drops again. From the roughness data, no
surface structure was evident. Because the sample was measured in tapping mode, it was
also possible to extract information from the phase difference in the samples before and after
annealing. These measurements will be discussed next.

26
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Figure 6.2: Comparison between the root mean square (RMS) on the topography of the sample for

F8BT:PFB spincoated films of fractions ranging from 0-1 F8BT in PBF.

6.1.2 Phase measurements

In figure 6.3 the phase images of all films are displayed before and after annealing. It can be
seen that before annealing, there is no phase separation visible. Also, after annealing, there is
no difference in phase image with the unannealed sample for pure PFB. But when the fraction
of F8BT in the blends rises, it can be observed that after annealing small islands are forming
(2’). When the fraction of F8BT compared to PFB keeps rising, this nodular structure evolves
into extended fiber like morphologies (5’-6’). This effect goes hand in hand with the increased
surface roughness. In figure 7’ till 9’ the fibers are still there, but the roughness diminishes.
This is probably caused by a decrease in the fraction of PFB. Since for pure F8BT the film
morphology changes upon annealling to result in a fiber like microstructure that is generic
for all annealed films with a fraction > 0.4 F8BT in PBF, it can be suggested that F8BT
chain rearrangement is the driving force for the microstructural changes observed. This is
in analogy to the findings published in the following publications [29] [36] [37]. Deviations
from the exact phase separated morphology published in these articles are due to the large
discrepancy in molecular weights of F8BT used in the publications and in this work.
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Figure 6.3: Comparison of the phase separation of the samples before and after annealing. (1 − 9)

are the phase pictures of the samples before annealing with an increase in F8BT fraction

(1-9,0-1 F8BT fraction respectively). (1′ − 9′) are pictures of the same samples after

annealing for 10 minutes at 140C.

6.2 UV-Vis absorption spectroscopy

6.2.1 Absorption measurements

In figure 6.4, the absorption spectra of the pure materials and blends of F8BT in PFB (0.2-0.8
F8BT) before and after annealing are shown. It is possible to see that the peak around 476
nm rises with the fraction of F8BT. This is the transition from the ground state to the first
excited state, also called the zeroth order transition. At the same time the contribution of
the peak, related with zeroth order transition of PFB (at 381nm) drops with the reduction in
the fraction of PFB. The peaks around 300-350 nm are contributions of transitions of F8BT
from the ground state to higher excites states. These are called also higher order transitions.
This is confirmed in [36] [37].
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Figure 6.4: Comparison of the absorption spectra before (a) and after (b) annealing for 10 minutes

at 140C.

The spectra were modeled with Gaussian functions for the transitions from the ground
state to the first excited state and Lorentzian functions for the transitions between the ground
and higher excited states. Since there is significant overlap of the absorption peaks of the
composite spectra, a mathematical procedure was applied to improve the resolution of the
peaks to be modeled. The equation describing the the Gaussian relation is given in equation
6.1:

A(E) = A0exp(
−(E − Ec)2

2σ2
) (6.1)

Here A0 describes the amplitude of the Gaussian distribution, Ec the central energy and
σ is a measure for the peak width.

For the Lorentzian distributions the following equation was used:

A(E) = y0 +
2 ∗A0

π

σ

4 ∗ (E − Ec)2 + σ2
(6.2)
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Where y0 is the height of the base line.
To understand the role of resolution enhancing in the peak modeling, it is of great impor-

tance to understand the mathematics behind it [38]. As can be seen in figure 6.5, the first
derivative is a good measure for the slope of the original function.

Figure 6.5: Effects of differentiation on Gaussian (a) and Lorentzian (b) functions

If the first derivative is positive, the slope of the original data is positive, and when the
first derivative is negative, the slope of the original function is also negative. The maximal
y-value of the original function is thus on the same x-position where the first derivative is
equal to zero (Ec). The second derivative is a measure for the inflection of the original curve.
In the maxima of the original curves, the inflection is also maximal. On the places where in
the second derivative is zero, the inflection is also zero. The latter points are very useful to
find the width of the peaks. The distance between the two point where x = 0 in the second
derivative is equal to 2σ for Gaussian functions and σ

3

√
3 for Lorentzian ones. Here, σ is a

measure for the peak width.
In figure 6.6 the second derivative of the absorption spectra of figure 6.4 are shown. It

can be seen that the positions for maximal energy of the zeroth order transitions for F8BT
and PFB are not well defined. This is possibly caused by thermal broadening. This leads to
a number of small Lorentzian peaks in close proximity to each other. The existence of these
small peaks can be explained quantum mechanically according to the density of vibrational
states in the materials. This gives the possibility make a summation of the different Lorentzian
peaks giving rise to a Gaussian like broadening of the curve [39]. The higher order transitions
of F8BT are better defined. It can be seen in figure 6.6 that in the region between 300 and
350 nm, three different peaks are present, which can be modeled by Lorentzian functions.
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Figure 6.6: Comparison of the second derivative of the for thickness corrected the light absorption

spectra before (a) and after (b) annealing for 10 minutes at 140C.

The fitting procedure can be described as follows: from the data present in the second
derivate, the peak positions and the intersections with the x-axis were defined. Afterwards,
the obtained values were used as starting values for the curves presented in figure 6.4. Here,
first of all the amplitudes of the different peaks in the curve were modeled while the peak
widths and central energies were kept constant. After this was done, the values of the peak
widths were adapted to obtain a good fit. For the peaks corresponding to PFB (around 381
nm) and F8BT (around 476nm), the central energy was also corrected using the real spectra
displayed in figure 6.4. In figure 6.7, the results of this fitting procedure are displayed. This
figure represents the other fits made for the absorption spectra. From the fit parameters, it
was possible to calculate the area under the curve (AUC) which are described in the figure
6.8.
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Figure 6.7: The result of curve fitting in 50:50 mixture of PFB:F8BT after annealing. The first three

peaks in the wavelength range from 250nm till 350nm, are transitions of the electrons

between the ground state and higher excitation states. The two peaks at lower energy

are from PFB (381nm) and F8BT (476nm).

From the fit parameters, it was possible to calculate the area under the curve (AUC).
These are plotted in figure 6.8 against the fraction of F8BT in PFB. From this graph, we can
see that there is a linear relation between the AUC and the change in fraction. This means
that our films are of perfect quality and no electrical interactions occurs between F8BT and
PFB within the ground state.

Figure 6.8: The AUC calculated from the fitting-parameters of the PFB-peak and F8BT-peak at

different concentrations. This was done for the results before and after annealing. 6.7.

6.2.2 Fluorescence emission spectroscopy

In figure 6.9, the fluorescence spectra of pure materials and blends of F8BT and PFB (0.2-0.8
with steps of 0.1) are shown. To compare the emission signals of the pure samples with the
blends, the samples were all measured at a slit width of 1nm. Therefore, the noise on the
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signal of the blends is relative high compared to the absorption data. It can be seen for the
PFB-signal (450nm), that a large amount of the fluorescence signal is quenched even when
small fractions of F8BT (e.g. 80:20 PFB:F8BT) are present. The peak around 541 nm is
due to F8BT and rises with increasing the fraction of F8BT. The shoulder above 652nm is
possibly due to exciplex fluorescence and has been observed previously by Gonzalez et al.
Here they studied similar polymer combinations and detected exciplex emission at 630nm
[30].

Figure 6.9: Emission spectra before (a) and after (b) annealing for 10 minutes at 140C.

It can also be seen that the amount of PFB-fluorescence after annealing is more or less
similar to the intensity before annealing. The F8BT-fluorescence intensity, on the other hand,
undergoes a big increase in fluorescence signal. This can be explained by the rearrangement
of F8BT polymer chains in ordered domains with a more planar parallel conformation as a
result [35]. This result is in accordance with our previous AFM descriptions, where a F8BT
fiber like morphology was observed.

These spectra were also processed using the same method as described in the section of
the absorption measurements. The signal

noise -ratio was very low for the second order derivation,
so the information used was extracted from the first derivate of the signal described in figure



CHAPTER 6. RESULT AND DISCUSSION 34

6.10.

Figure 6.10: First order derivation of emission spectra before (a) and after (b) annealing for 10

minutes at 140C.

The spectra of the pure materials dominate figure 6.10 and therefore hide the details of
the blended spectra. Moreover, the noise on the blended signal was also quite high. So a
Bezier-smoothening was performed on the first derivates of the measurement. These results
give rise to a more useful picture given in 6.11, where the spectra of the pure materials are
omitted for clarity.
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Figure 6.11: Bezier smoothened first order derivation of emission spectra of the blends before (a)

and after (b) annealing for 10 minutes at 140C.

From these results, it can be seen that there are no extra peaks present in the spectra
besides those already seen in the original data. Due to the weak exciplex emission intensity
in respect to the emission of F8BT, this signal is hardly observed in the first derivate of the
spectra.

Peaks according to the zeroth transition of PFB/F8BT are fitted using Gaussian functions,
while the extra peak is fitted using a Lorentzian function. There was a problem with the pure
materials because the first derivative of the signal could not be fitted to the first derivative
of Gaussian or Lorentzian functions. Therefore these curves were fitted using an asymmetric
double sigmoidal function. The broadening towards the low energy part of the spectrum is
possibly due to the presence of a high number of density of vibrational states in the upper
part of vibrational levels in the ground state.

These tail like structures were not as explicit present in the mixtures with high PFB:F8BT-
fractions . When the fraction of F8BT rises, these tail like structures began to occur, but it
was still possible to fit these data using Gaussian and Lorentzian functions. In figure 6.12, a
representative result of the curve fitting procedure is displayed.
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Figure 6.12: The result of curve fitting of the emission signal in a 80:20 blend of PFB:F8BT before

annealing. The peak related to PFB is represented by the green curve. The peaks

labeled with 1 and 2 are both related to F8BT.

The AUC related to the emission of F8BT and PFB as a function of F8BT fractions in
blends before and after annealing is plotted in figure 6.13. When looking to the fluorescence
of PFB relatively to the fluorescence signal produced by F8BT, it can be seen that the signal
corresponding to PFB is lower than that of F8BT. The fluorescence intensity is influenced
by the chemical composition of the polymer and the molecular weight. Moreover the local
microstructure can affect this [35]. To illustrate the exact interplay of these effects, further
research in necessary.

Figure 6.13: The result of curve fitting of the emission signal in a 80:20 blend of PFB:F8BT before

annealing.

We observe that the fluorescence intensity after annealing rises in both F8BT and PFB.
If the fraction of F8BT:PFB rises above 0.5, a general increase in fluorescence is observed.

The fluorescence signal of pure PFB is 2 orders of magnitude higher than when PFB is
present in a blend. For F8BT, this difference is less visible, due to the spread of the area be-
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tween the two peaks. This quenching effect proves that the material combination is promising
for the use in organic solar cells, since it is indicative for the efficiency of free charge carrier
generation. The quenching process can be caused by energy- or electron transfer. When elec-
tron transfer is favoured free holes and electrons are generated and give rise to photocurrent.
It is also visible that the fluorescence intensity in the annealed samples is relatively higher
compared to the unannealed samples. This is related with aggregate formation after anneal-
ing of F8BT:PFB blends as observed with AFM, decreasing the interfacial area between the
two components and therefore the photoluminescence quenching probability. The formation
of more rigid and planar molecular chains play a role in increasing the fluorescence intensity
[35] [32].

From the cyclic voltametry measurements published in [30], it is seen that the energy
difference between HOMO and LUMO of the electron donor PFB is equal to 2.92eV. The
difference between HOMO and LUMO of the acceptor F8BT there is equal to 2.6 eV. These
values are in the same range as the energy differences measured by absorption and emission
measurements for which the values used are estimated by fitting the corresponding peaks
in the spectra with Gaussian functions: 3.18eV and 2.69eV for PFB and F8BT respectively
(e.g. 1:1 in absorption). Afterwards the Ec values for the annealed samples were subtracted
from the Ec values of the unannealed ones. The results are plotted against the fraction of
F8BT in the blend as can be seen in figure 6.14. Here in figure 6.14 it is seen that all the
differences in Ec are positive. This indicates that both PFB and F8BT peaks are red shifted
after annealing. From figure (a) it is possible to see that in the absorption spectra the peak
position of PFB is almost unchanged after annealing. Just a shift of 0.014eV was observed.
For F8BT, it can be seen that a red shift of 0.03eV has occurred during annealing. In figure
6.14 (b) the peak position for the emission spectra are presented. Here, it is seen that due
to annealing, the PFB-emission peak is red shifted for 0.09eV. The F8BT peak on the other
hand is red shifted with 0.03eV corresponding to the red shift seen for F8BT in the absorption
bands.

Figure 6.14: Here a comparison is made between the difference in peak position before and after

annealing (∆Ec) of the peaks of F8BT and PFB in (a) absorption- and (b) emission-

spectra.

The general red shift in absorption and emission spectra is probably caused by the rear-
rangement of the polymer chains as was observed in the AFM-phase measurements. Before
annealing, the F8BT- and PFB chains are intimately mixed with each other. After annealing
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at the Tg of F8BT, small islands will emerge, consisting of aggregates of F8BT polymer chains.
In these aggregates, extended conjugation within one phase will red shift the absorption and
emission spectra. These phase separated region will gain slightly more absorption and emis-
sion characteristics of the pure materials, explaining the in increased emission intensities
observed [35].

6.3 Electrical techniques

6.3.1 IV-characterization

In figure 6.15 an IV-characteristic of a F8BT:PFB blend is shown. For every data point an
estimation of the power can be made using the following equation:

P = IV (6.3)

After this estimation was made, the power could be plotted against the voltage (green
line). In the region of the maximal power, the curve was fitted using a quadratic function.
From this function, the maximal power point was estimated. An estimation of the current
(Imax) and voltage (Vmax) can be estimated.

Figure 6.15: IV-characteristic of F8BT:PFB blend, together with it tangents at Voc and Isc, the

IV-power function and a fitting of this function used to estimate the maximal power

point.

The Isc is estimated as the measurement-value were the voltage is nearest to 0V. The Voc
on the other hand is estimated as the measurement-value where the current is nearest to 0A.

After the estimation of these parameters, the fill factors (FF) and efficiencies (η) of the
functions were calculated according the equations already considered in the introduction. The
results for the F8BT:PFB blends before and after annealing, are given in figure 6.16.
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Figure 6.16: (a) Fill factor (FF), (b) efficiencies(η), (c) open circuit voltages (Voc) and (d) short

circuit current (Isc) estimations of the solar cells made from different fractions of F8BT

in PFB are represented here. The points in black represent the unannealed values, while

the red points represent the values after annealing of the solar cells for 10 minutes at

140C.

We observed that the fill factor and efficiency of the solar cells rises till the fraction of
F8BT in PFB is equal to 0.5. At higher fractions of F8BT, the fill factor and efficiency drop
again. With fractions of F8BT in PFB, the Voc of the corresponding solar cells decrease up to
0.5 to increase again at higher fractions (> 0.5). For the Isc a reverse trend is observed. By
combining these results, we can conclude that the fill factor and the generated Isc dominates
the efficiency trend observed. Also annealed cells give rise to higher fill factors, and therefore
better diode quality (see chapter 4: Introduction). The maximal efficiency is measured in the
50:50 PFB:F8BT blend and is around 0.12%. This value drops to 0.065% after annealing of
the same solar cell(figure 6.16 a). On the other hand it has been seen that the fill factor rises
after annealing. This can be explained by a decrease in Voc after annealing, leading to an
increase in fill factor. A drop in Voc can be caused by a reduction of the LUMO level of the
accepting material or an increase in the HOMO level of the donor material.

The drop in efficiency after annealing is correlated with the fluorescence data. If any
relaxing electron can be considered as an electron that doesn’t contribute to the photocurrent
in the solar cell, it can be said that after annealing, the increase in the fluorescence signal of
F8BT is related to the decrease in solar cell efficiency. This is also seen by Donley et All [35].
They explained this with quantum chemical calculations were, due to annealing, the F8BT
polymer chains were aligned and planarized. By planarization, the ideal orientation for inter
chain electron transport was lost, leading to less efficient charge transport and solar cells.
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6.3.2 Photocurrent measurements

In figure 6.17 the photocurrent spectrum measured by FTPS is displayed. In the FTPS-plot
(black curve) it can be seen that a tail is starting for energies beneath 2.5 eV, but the signal

noise -
ratio is very low. This is possibly due to the fact that the FTPS measurements use high
modulation frequencies (around 5kHz). So this technique can only be used on samples with
fast photo responses. These slow photoresponses could be due to three major reasons. First
of all, in PFB:F8BT solar cells the geminate pairs at the interface are strongly bound to each
other, so that they need relatively more time to be separated than given in a period of 1

5kHz .
So the photocurrent-signal of this extra band is very low when it is measured using FTPS.
Secondly, the mobility of the charge cafriers is low. Thirdly, fast recombinations can occur
after charge separation at the interface. To see which effect dominates, it will be a subject of
further investigation.

Figure 6.17: FTPS result of a PFB:F8BT blend with composition ratio 30:70.

To circumvent this problem, the photocurrent spectrum was measured with the conven-
tional method, which uses monochromatic light chopped at low frequency (20 Hz). Because
the exact number of photons falling on the solar cell and reference detector was difficult to
control, the conversion of the signal to external quantum efficiency values was impossible to
calculate. Normally, this can be done by correcting the signal for the spectral power of the
lamp as can be seen from the introduction. To study whether this sub bandgap absorption
feature is related with the interface properties of the material junction, we systematically
investigated the fraction dependence of the photocurrent spectra. This was displayed in fig-
ure 6.18. The photocurrent signal (figures) has been corrected for concentration and layer
thickness by relating them with the absorption coefficient (lines), measured by UV-Vis spec-
troscopy (see 5.2.1). In contrast with the conventional UV-Vis techniques, we were able to
detect an extra absorption band from 1-2eV in the blend material. Such a transition has been
observed before by L. Goris et al. and related to a ground state charge transfer complex (or
exciplex). This absorption feature has proven to determine the effective gap and the Voc of the
solar cell [40]. We modeled this band using a Gaussian function as done for the PFB:F8BT
80:20 blend in the red curve in figure 6.18.
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Figure 6.18: Photocurrent measurements performed by the conventional photocurrent method.

These photocurrent data were calibrated to the absorption coefficient by aligning the

spectra of F8BT:PFB blends of both measurements.

We observe a systematic increase of the magnitude of this band with increasing fractions
of F8BT. It is however difficult to explain this behaviour as this property is determined by
different factors. First of all, the interfacial area between donor and acceptor is important.
Secondly, the oscillator strength of the transition will also influence the signal. Since these
films have been annealed, the interfacial area is not a simple function of the fractions of
the components, but depends also on the microstructure obtained. Moreover, the oscillator
strenth can be influenced due to local changes in microstructure as well.

Moreover, the effective gap Eg from equation 6.1 of the photocurrent generation by CT-
absorption was determined as:

Eg = Ec − 2σ (6.4)

Like the Voc, the Eg can be set out in function of the fraction of F8BT-blend with PFB
as can be seen from figure 6.19. This shows that the Eg follows a decreasing trend with the
fraction of F8BT, while the Voc drops till a fraction of PFB:F8BT is 50:50. Afterwards the
Voc rises again, while the Eg keeps on dropping. This graph proves that in F8BT:PFB solar
cells the Voc is related with the effective gap of the material combination. This relationship
seems to break down for fraction higher than 0.5. This effect could be due to the limited
amount of solar cells measured in this population. We will investigate whether other effects
than the Eg influence the Voc.
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Figure 6.19: Concentration dependency of Eg and Voc derived from conventional photocurrent and

IV-characterization respectively.

It can be seen in figure 6.20, that during the illumination by bias UV-light, the peak
between 1 and 2 eV disappears. This can be caused by the loss of present electrons in
the CT-band when biased UV-light is emitted upon the sample. It is possible that this
phenomenon can be generalized to all kinds of bias light, absorbable by the polymers, but
further experiments are needed to confirm this.

Figure 6.20: Normalized photocurrent spectra measured in the presence and absence of biased UV-

light.

In the future, additional experiments will be performed to definitely exclude any degra-
dation mechanisms that could interfere with the current interpretation of the results.



Chapter 7

Conclusion

From the beginning of photosynthetic life on Earth, originating from the first bacterial life
forms, its working mechanisms have been adapted and tuned in such a way that life all over
the world can use its benefits. Starting from the 1960’s, mankind started to use the concept
of photosynthesis for the development of artificial systems based on organic substances. Since
then, a great variation of methods was developed to harvest solar energy by organic molecules.
In this work, organic solar cells based on a donor-acceptor principle were investigated. The
donor- and acceptor materials are respectively PFB and F8BT. These materials were blended
in different fractions to investigate the fraction dependent properties of the resulting sub-
stances and solar cells. Also the effects of annealing at temperatures just above the glass
transition temperature of F8BT were investigated.

The blends were investigated using a combination of morphologic, optical and electrical
methods. The morphology was studied using AFM. This technique gave us the possibility
to observe rearrangement of F8BT polymer chains in a fiber like morphology and gentle
phase separation from the PFB molecules after annealing, increasing the roughness of the
samples. Optical techniques were used to determine the behaviour of the absorption and
emission properties of the materials and blends. For the unannealed samples a perfectly
linear relationship was observed between the peak maxima of the pure materials in the blend
absorption spectra as function of its fraction. Moreover, no additional absorption peaks are
measured upon blending the materials. This indicates that no electronic interaction occurs
in the ground state. However, fluorescence measurements gave evidence of the formation of
an exciplex state in accordance with results previously published in literature. Since this
species is an intermediate state that exists between the interface of the donor and acceptor
components, we have investigated the blends with highly sensitive photocurrent techniques.
By the use of highly sensitive photocurrent measurements a sub bandgap absorption signal
has been observed in the range between 1 and 2 eV, most probably related to the formation
of a charge transfer state (or exciplex) in the blend.

It has been seen that the annealing of F8BT increased the fluorescence intensities of F8BT
after annealing. This is probably caused by a rearrangement of the polymer chains as was
described by AFM. The observed red shift of the absorption and emission confirm this. With
electrical techniques it has been seen that the overall efficiency of the solar cells lies around
0.12%.

Like for the processes in nature, there is always space for adaption and improvement of
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the system. Also the understanding of the processes in the polymer solar cell presented in
this thesis can be improved in order the increase the efficiency of these cells. Some points of
discussion are presented in the list below

• The effects of bias-light on the solar cell have to be investigated further, in order to
determine the photo-electrical properties of the sub-bandgap phenomenon. Also the
effects of solar cell degradation on the absorption and emission of light. The solar cell
performance and its influence on the sub-bandgap spectral features will be investigated.

• PDS measurements will be done to confirm the results obtained by photocurrent spec-
troscopy. Therefore the set-up will be equipped with a dual light source, to extend the
working range below the bandgap.

• Due to annealing, the fluorescence intensity of F8BT rises a lot. Charge mobility mea-
surements can be used to determine the effects of annealing on the mobility of electrons
and holes through the polymers.

• After annealing, a reduction in the Voc has been observed after annealing combined
with a red shift of the peaks measured by absorption and emission spectroscopy. This is
caused by a change in the electronic distribution in these solar cells. In order to inves-
tigate the binding energies of the electrons in the different bands, XPS-measurements
can be applied.

• Until now, only steady state optical measurements were applied on this polymer combi-
nation. But according to Strickler and Berg, these steady state results are related with
time-dependent processes. In order to get a better understanding of these solar cells,
time dependent measurements have to be applied for the energies corresponding to the
different peaks according to PFB, F8BT and the sub-bandgap phenomenon.

• To determine if the quenching of the fluorescence signal of PFB in the presence of F8BT
is caused by energy transfer or electron transfer, it is possible to use advanced spectro-
scopic techniques such as photo induced electron spin resonance. These techniques are
able to detect specific absorption bands of spins related to charge carriers (polarons)
generated under the influence of illumination, and exclude energy transfer as possible
quenching mechanism.
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