
Faculty of Technology and Science
Physics

DISSERTATION

Karlstad University Studies
2007:43

Cecilia Björström Svanström

Thin films of polyfluorene/
fullerene blends

Morphology and its role in solar cell performance



Karlstad University Studies

2007:43

Cecilia Björström Svanström

  Thin films of polyfluorene/
fullerene blends

Morphology and its role in solar cell performance



Cecilia Björström Svanström. Thin films of polyfluorene/fullerene blends 
– Morphology and its role in solar cell performance

DISSERTATION

Karlstad University Studies 2007:43
ISSN 1403-8099    
ISBN 978-91-7063-147-4    

© The author

Distribution:
Faculty of Technology and Science 
Physics
SE-651 88 Karlstad
SWEDEN
forlag@kau.se 
+46 54-700 10 00

www.kau.se

Printed at: Universitetstryckeriet, Karlstad 2007



Abstract 
 
The sun provides us daily with large quantities of energy in the form of light. 
With the world’s increasing demand of electrical energy the prospect of 
converting this solar light into electricity is highly tempting. In the strive 
towards mass-production and low cost solar cells, new types of solar cells are 
being developed, for example solar cells completely based on organic molecules 
and polymers. These materials offer a promising potential of low cost and large 
scale manufacturing and have the additional advantage that they can be 
produced on flexible and light weight substrates which opens up for new and 
innovating application areas, e.g. integration with paper or textiles, or with 
building materials. In polymer solar cells a combination of two materials are 
used, an electron donor and an electron acceptor. The three dimensional 
distribution of the donor and acceptor in the active layer of the device, i.e. the 
morphology, is known to have larger influence of the solar cell performance. 
For the optimal morphology there is a trade-off between sometimes conflicting 
criteria for the various steps of the energy conversion process. The dissociation 
of photogenerated excitons takes place at an interface between the donor and 
acceptor materials. Therefore an efficient generation of free charges requires a 
large interface area between the two components. However, for charge 
transport and collection at the electrodes, continuous pathways for the free 
charges to the electrodes are required.  
In this thesis, results from morphology studies by atomic force microscopy 
(AFM) and dynamic secondary ion mass spectrometry (SIMS) of spin-coated 
blend and bilayer thin films of polyfluorene co-polymers, mainly poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co-5,5-(4´,7´-di-2-thienyl-2´,1´,3´-benzothiadiazole)] 
APFO-3, and the fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM) are presented. It is shown that by varying the blend ratio, the spin-
coating solvent, and/or the substrate, different morphologies can be obtained, 
e.g. diffuse bilayer structures, spontaneously formed multilayer structures and 
homogeneous blends. The connection between these different morphologies 
and the performance of solar cells is also analysed. The results indicate that 
nano-scale engineering of the morphology in the active layer will be an 
important factor in the optimization of the performance of polymer solar cells. 
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Chapter 1 
Introduction  
 
The sun provides us daily with large quantities of energy in the form of light. With 
the world’s increasing demand of electrical energy the prospect of converting the 
solar light into electricity is highly tempting. This conversion process is known as 
the photovoltaic effect, and devices are called photovoltaic diodes or solar cells. 
The devices are generally layered structures with an active layer or material 
sandwiched between two electrodes. The active material needs to be light 
absorbing and also semiconducting, meaning that its electrical conductivity is 
somewhere between that of a metal and that of an insulator. Crystalline solids have 
a delocalized electronic structure that forms allowed and forbidden energy bands. 
The energy gap between the top of the highest allowed band that is filled with 
electrons, the valence band, and the bottom of the lowest allowed band that is 
empty of electrons, the conduction band, is called the band gap, see Figure 1.1.[1] 
The size of the band gap highly influences the conductivity of a material.[2] 
Semiconductors have an intermediate band gap typically in the range of 0.5 to 3 
eV[1] and when they absorb light, the energy of the absorbed photons can be used 
to excite electrons from the valence band to the conduction band creating 
electron-hole pairs, so-called excitons. In solar cells the exciton is then dissociated 
and the charges (the electrons and holes) are separated and transported to the 
electrodes to produce a potential difference and eventually a current in an external 
circuit 
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Figure 1.1: When atoms pair up to form molecules or solids the atomic energy levels split up into multiple 
energy levels. In the limit of many atoms, i.e. in a solid, the energy levels come together forming bands of 
allowed energies. Solids with an overlap between the filled (valence) and empty (conduction) bands are 
metals, while solids with a band gap between the two bands are semiconductors or insulators depending 
on the size of the band gap.[1]     

 
 
There are several different concepts and materials used for making solar cells. The 
most widely used device structure is the p-n homojunction.[1] In this structure a 
semiconductor that has two doped regions, one with excess of holes (p-type) and 
another with excess of electrons (n-type), is used as the active material. The excess 
charge carriers will diffuse over the junction between the doped regions. As they 
do so they leave behind them oppositely charged dopant atoms resulting in a net 
positive and a net negative charge respectively on each side of the junction, a so 
called space charge region.[3] This process induces an internal electrostatic field in 
the direction from n to p. The electric field causes a drift of minority carriers back 
over the junction, and equilibrium is established when the diffusion of excess 
charge carriers is completely balanced by this drift. When photons are absorbed by 
the semiconductor material, the internal electrical field in the space charge region is 
sufficient to separate the photo-generated electrons and holes, resulting in a photo-
current in the external circuit (see Figure 1.2).[3]    
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hν 

 
Figure 1.2: A schematic image of a pn junction solar cell.[3] When the incident light (photons of energy hν) 
is absorbed, electron-hole pairs are generated which are separated by the electric field (E) in the space 

charge region, resulting in a photocurrent (IL) that can be extracted in an external circuit.  

 
 
The solar cell market is dominated by silicon based solar cells,[4] but other 
inorganic semiconductors such as gallium arsenide (GaAs) and cadmium telluride 
(CdTe) are also used as the active material. A single solar cell generates a 
photovoltage of about 0.5 to 1 V and a current of some tens of mA/cm2.[1] The 
voltage is too low for most applications so generally several cells are connected 
together in series. A panel of encapsulated and connected solar cells is called a 
module. The power conversion efficiency, which is the ratio of output electrical 
power to incident optical power, for a standard silicon based solar module is about 
15 %.[4] Single solar cells generally have a higher efficiency, but losses in for 
example the active area, due to the frame and to each small gap between the cells, 
reduce the efficiency of the complete module. For silicon solar cells, the power 
conversion efficiency depends on the quality of the silicon that is used. 
Monocrystalline silicon solar cells have the highest efficiencies, with single cells 
reaching efficiencies over 24%.[4] Polycrystalline silicon solar cells have a somewhat 
lower efficiency, with a record of about 20% for a single cell.[4] The prices for the 
electricity generated from solar cells vary, ranging from between 7 and 24 
€cent/kWh.[5] One reason for the high costs is that crystalline silicon requires 
advanced and expensive production techniques e.g. for crystal growth. The 
expansion of the solar cell market during the last decades has however led to a 
reduction of costs, by rendering the production more effective, but it has also led 
to the development of solar cells based on other materials and other production 
techniques. Silicon can for example also be deposited as an amorphous thin film 
on glass by chemical vapour deposition (CVD).[6] This technique has lower 

p 

E

n 
IL

Space charge region 
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production costs but solar cells from amorphous silicon also have low efficiencies 
compared to crystalline cells, only about 10% for single cells.[4] Thin film 
techniques can also be used to fabricate solar cells from copper indium gallium 
diselenide (CIGS). Record efficiencies above 19%[7] have been reported for such 
solar cells and CIGS are emerging as a strong competitor to the silicon based solar 
cells.[6] 
 
In the strive towards less expensive solar cells, new and conceptually different 
types of solar cells have also been developed, such as the dye-sensitized solar cell 
and solar cells based on organic materials. The dye-sensitized solar cell, also known 
as the Grätzel cell, is a photoelectrochemical cell based on a semiconductor and an 
electrolyte.[8] It consist of a porous film of a semiconducting oxide, i.e. titanium 
dioxide (TiO2), covered with a monolayer of a chemisorbed dye molecule. The dye 
absorbs incident solar light in the visible region generating electron-hole pairs. The 
electrons are injected into the TiO2 and the oxidized dye is then reduced by iodine 
ions in a liquid electrolyte penetrating the porous film. Since the semiconductor 
particles are very small, with grain size typically in the range of 10-80 nm,[8] there 
can be no space-charge layer in the particle at the interface with the electrolyte and 
therefore no electrical field of the kind described earlier for the pn-junction to 
separate and transport the charges to the electrodes. The exact working mechanism 
of the dye-sensitized solar cell is not yet completely resolved. For example the 
charge transport process in the mesoporous TiO2 is still under debate.[8-10] The 
highest power conversion efficiencies reached for this type of dye-sensitized 
photoelectrochemical cells with nanostructured materials, are today around 10% 
for single cells.[9] The concept is promising but commercial applications have so far 
been limited due to problems with stability over longer periods of time.[11] The 
cells are sensitive to air and water and need to be encapsulated with sealing 
materials that have excellent barrier properties and good chemical stability in 
contact with the liquid electrolyte.[12] Some of these manufacturing problems may 
be avoided by replacing the liquid electrolyte with a solid hole-transporting 
material, for example an organic hole-transport material.[13] 
  
During the past few decades a lot of research has also been devoted to making 
solar cells completely based on organic materials, i.e. carbon-based molecules and 
polymers. These materials offer a promising potential of low cost and large scale 
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manufacturing, taking advantage of already existing techniques, e.g. ink-jet or other 
printing methods. Another advantage is that they can be produced on flexible and 
light weight substrates, opening for new innovating application areas, e.g. 
integration with paper or textiles, or with building materials. As for the dye-
sensitized solar cells the physical processes in organic solar cells differ from the 
ones in the inorganic pn-junction solar cells. The main reason for this is that the 
electronic structure of organic molecules is different from the electronic structure 
of inorganic materials. This will be discussed in more detail in Chapter 2. To 
summarise, the excitons created in organic electronic materials are more strongly 
bound and more localised than excitons in crystalline solids.[14] To separate the 
electrons and holes, a combination of two materials with different electron 
affinities are used, i.e. a donor and an acceptor. A driving force for dissociation of 
the excitons is then created at the interface between the two materials and a charge 
transfer occurs, in which the donor material donates an electron and the acceptor 
material accepts an electron. The acceptor is sometimes referred to as an n-type 
semiconductor and the electron donor as p-type semiconductor. The best power 
conversion efficiencies reported for organic and polymer based solar cells are so 
far relatively low, around 5%.[15-18] A lot of efforts are made to improve the 
performance of organic solar cells, on one hand by studying the underlying 
physical processes of photocurrent generation, charge separation and transport and 
on the other hand by synthesizing new polymers and working with improving the 
device structure and the manufacturing process.[19]  
 
The work presented in this thesis is focused on morphological characterisation of 
the active layer in polymer solar cells. The aim has been to develop an 
understanding of how different parameters influence the morphology, and also 
how different morphologies influence the device performance. The work has been 
carried out in a network project in the National Graduate School of Material 
Science, which has consisted of four nodes, two at Chalmers University of 
Technology, one at Linköping University, and one at Karlstad University. 
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Chapter 2 
Conjugated polymers 
 
 
2.1 Electronic structure 
Electronic conductivity in polymers was first discovered in polyacetylene doped 
with iodine in 1977[20] and the discovery was awarded with the Nobel prize in 
Chemistry 2000[21]. Polyacetylene (see Figure 2.1) is the simplest conjugated 
polymer with the chain consisting only of alternating single and double carbon-
carbon bonds and is commonly used as a model system for describing the 
conjugated polymers.  
 
 

 
Figure 2.1: Polyacetylene. 

 
 
The ground state electronic configuration of carbon atoms is 1s22s22p2. Each 
carbon atom has the ability to form four bonds with neighbouring atoms in a 
molecule. When doing so the carbon atoms are sp3 hybridized and all available 
valence electrons are tied up in four covalent σ-bonds.[22] The carbon atoms and 
the molecule is said to be saturated. σ-bonded hydrocarbons, e.g. polymer chains 
with only single bonds between the carbon atoms in the backbone, have large band 
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gaps and are classified as insulators. As an example, polyethylene has an optical 
band gap around 8 eV.[23] In polymers with alternating single and double bonds 
between the carbon atoms in the backbone, e.g. polyacetylene, each carbon only 
bonds to three nearest neighbours. In this case, the carbon atoms are in a sp2 
hybridized state forming three covalent σ-bonds and leaving one electron in an 
unhybridized pz orbital.[22] The carbon atoms are said to be unsaturated. The 
unhybridized pz orbitals of each carbon atom lie perpendicular to the plane of the 
sp2 hybrid orbitals, resulting in an overlap of the pz orbitals and the formation of a 
π-bond. In polymers with this configuration, i.e. with alternating single and double 
bonds in the polymer backbone, the π-states are delocalised along the polymer 
chain.[23,24] Such polymers are known as conjugated polymers.  
 
 

C C

C C

C C

antibonding π molecular orbital

bonding π molecular orbital

two pz orbitals

en
er

gy

pz overlap

 
 

Figure 2.2 How two p orbitals may combine to form two different molecular π-orbitals. Both molecular 
orbitals have a node in the plane of the carbon-carbon bond. The antibonding also has an additional 

node perpendicular to this plane and a higher energy than the bonding orbital.[22]  

 
 
In Figure 2.2 it can be seen how two pz orbtials combine to form molecular π-
orbitals, one bonding with lower energy and one antibonding with higher 
energy.[22] The bonding π-orbital, being the lower energy orbital, contains both of 
the π-electrons while the antibonding π*-orbital is unoccupied. The energy gap 
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between the bonding and antibonding π-orbitals is smaller than the energy gap 
between the bonding and corresponding antibonding σ-orbitals of a carbon-carbon 
σ-bond. The energy gap between the highest occupied molecular orbital (HOMO) 
and the lowest unoccupied molecular orbital (LUMO) for conjugated polymers is 
therefore smaller than for saturated (non-conjugated) polymers, commonly in the 
range of 1 – 4 eV,[23] i.e. of similar size as the band gap in inorganic semiconductor 
materials.  
 
The electron affinity of a polymer corresponds to the energy, with respect to the 
vacuum level, of the LUMO and the ionization potential corresponds to the energy 
of the HOMO. Commonly the LUMO and HOMO energy levels are also 
considered as corresponding to the lowest state of the conduction band and the 
upper state of the valence band in inorganic solids respectively. This is however 
not always a completely suitable picture, since most polymers are amorphous 
disordered materials with week interchain interactions.[25] Since defects and kinks in 
the chain may act as energy barriers for electrons, disorder limits the delocalization 
(conjugation) length of the π-electrons along the polymer chain.[26] The week 
interchain interaction means that charge transport between polymer chains highly 
depends on the degree of interchain overlap and chain packing.[24] Another 
difference between inorganic semiconductors and conjugated polymers is that 
electron-hole pairs, excitons, are more strongly bound by Coulomb interaction[14] 
and more localised than excitons in crystalline solids.[23,26] 
  
 
2.2 Materials  
Conjugated polymers with band gaps in the same range (1-4 eV) as inorganic 
semiconductors can also be used for similar applications as these materials, e.g. 
transistors and diodes. The size of the band-gap is also such that the polymers 
absorb light in the visible region of the spectrum. In 1990 the observation of 
electroluminescence, i.e. the reversed photovoltaic effect, in conjugated polymers 
was reported by Burroughes et al.[27] This discovery was the start of the research 
fields of polymer light emitting diodes (PLED:s) and of polymer solar cells. The 
field of PLED:s has grown fast and commercial applications within display 
technology are now available.[28] For polymer solar cells the record power 
conversion efficiencies today are around 5%.[15-18] This is still too low compared to 
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crystalline silicon solar cells, but the progress that has been made over the past 
decade is promising. As discussed in Chapter 1, one advantage of using conjugated 
polymers compared to inorganic semiconductors lies in their difference in 
mechanical properties and the processing advantages that polymers have over 
crystalline inorganic materials. Polymers can generally be processed from solution 
which opens for the use of less expensive production techniques. For solar cells 
this makes polymer solar cells especially attractive from a cost point of view. The 
mechanical properties of polymers also open up to new integration possibilities, 
where polymer solar cells can be produced on flexible or bendable substrates.[29,30] 

 

S
* *

*

*

* *

Polythiophene Poly(para-pheneylene-vinylene)

Polyfluorene

n n
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Figure 2.3 Chemical structures of some basic repeating units for classes of conjugated polymers that are 
used in solar cell applications. 

 
 
Another advantage with conjugated polymers compared to inorganic 
semiconductors are that they can be synthesised with a wide variety of 
properties.[31] Usually polymers are divided into groups based on their repeating 
unit (monomer) in the backbone. The chemical structure of some basic conjugated 
polymers can be seen in Figure 2.3. Varying the physical and mechanical properties 
of the polymers can be done by adding different side-chains, which is commonly 
done to improve the solubility of the polymer, or by incorporating another 
repeating unit in the backbone either randomly, alternating or in blocks. The later 
technique is known as co-polymerization. Both the side-chains and the co-
polymerization (especially the latter) may have the effect of altering the size and 
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position of the band gap of the polymer, [32-34] which is of great importance for 
solar cell applications. In Figure 2.4 some common conjugated polymers used in 
solar cell applications are shown. Disadvantages with conjugated polymers are that 
many are sensitive to photo-oxidation and unstable in the presence of oxygen or 
water, especially in combination with light, and to reach long lifetimes the devices 
have to be encapsulated to protect them from the atmosphere.[30)] 
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Figure 2.4: Chemical structures of some common conjugated polymers used in solar cell application. 
 
 
2.2.1. Donors and acceptors 
As mentioned above the exciton is more strongly bound in conjugated polymers 
compared to in inorganic semiconductors. In solar cell applications, this results in 
poor generation of free charges when a single polymer is used in the active layer. 
This problem has been solved by using a combination of two materials with a 
difference in electron affinity. The difference can be used to obtain a charge 
transfer between the two materials, where one material (the donor) donates an 
electron and the other material (the acceptor) accepts one electron. This donor-
acceptor concept was first introduced for solar cells based on small organic 
molecules by Tang et al in 1985.[35] It highly improved the generation of free 
charges upon photoexcitation and higher energy conversion efficiency for the solar 
cell was obtained.  
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The requirement for charge transfer between donor and acceptor is that the 
LUMO of the donor material should be located sufficiently (~0.5 eV) above the 
LUMO of the acceptor, and that the HOMO level of the acceptor should be below 
the HOMO of the donor.[14] This means that a specific polymer can act as both 
donor and acceptor in a solar cell, depending on which material it is combined 
with.[36] A number of different combinations of donor and acceptor polymers have 
been used in solar cells.[37-41] It is, however, also possible to combine conjugated 
polymers with other molecular materials or inorganic nanoparticles for solar cell 
applications. In 1992 Sariciftci et al[42] reported about photoinduced electron 
transfer from conjugated polymers to fullerene (C60). Since then, fullerene or 
fullerene derivatives have commonly been used as acceptor materials in polymer 
solar cells. The most common fullerene derivative, used in polymer solar cells, is 
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)[31,43] (see Figure 2.5). Other 
small molecules, such as phthalocyanines[44] and perylene derivatives[45] as well as 
inorganic nanoparticles (e.g. CdSe and ZnO),[46-48] and carbon nanotubes[49,50] have 
also been used as acceptor materials in polymer based solar cells.  
 

OMe

O

 
 

Figure 2.5: Chemical structure of PCBM.  

 
 
2.2.2. Transport p operties r
The choice of donor and acceptor materials for solar cell applications also needs to 
take into account the electron and hole mobilities. For efficient transport of the 
charges to the electrodes, the donor should be an efficient electron conductor and 
the acceptor should have good hole transport properties. As mentioned above the 
long range transport properties of conjugated polymers depend on the interchain 
packing in the material. Most conjugated polymers used in solar cells are 
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amorphous and have poor charge carrier mobilities in the range of 10-3 to 10-5 
cm2/Vs.[51] In P3HT, which has a crystalline phase, an ordering of the polymer 
chains (i.e. crystallization) has been reported to increase the mobility by up to two 
orders of magnitude, reaching mobilities in the range of 10-2 cm2/Vs.[52] One of the 
main reasons for the popularity and frequent use of PCB as the acceptor material 
in polymer solar cells is that it is a good electron conductor, with an electron 
mobility around 10-2 cm2/Vs[53,54] Recent reports also suggest that PCBM have 
ambipolar transport properties,[53] which may contribute to an increasing overall 
hole mobility in the active material of the solar cell.[54-56] 
  
 
2.2.3 Absorption 
In photovoltaic applications absorption of solar light is an important factor. The 
standardized AM1.5 (air mass 1.5) solar irradiance spectrum as a function of 
wavelength for solar cell measurements can be seen in Figure 2.6. The spectrum 
corresponds to an angle of incidence of solar radiation of 48 relative to the surface 
normal for a set of specified atmospheric conditions.[11,57]  
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Figure 2.6 Standardized AM1.5 solar spectrum.[57]  
 
 

The irradiance, i.e. the amount of radiant energy per unit area and unit time, is in 
the AM1.5 solar spectrum as largest in the visible region (300-800 nm) with a peak 
in the blue-green.[1] Many conjugated polymers absorb in the ultraviolet to blue 
wavelength (500 nm) region[29], but even though the irradiance peaks at these 
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wavelengths the solar photon flux density, which is the number of photons with 
energy in the range E to E+dE incident on unit area in unit time, has its maximum 
at wavelengths around 700 nm.[11] The irradiance L(E) and the photon flux density 
b(E) are related according to equation 2.1.[1]  
 

)()( EbEEL ⋅=  (2.1) 

 
Since, ideally, each incident photon will generate one exciton and eventually one 
electron in the external circuit, a good overlap with the solar photon flux density is 
required for generating as many excitions as possible and extracting large currents 
from solar cells. In recent years efforts have therefore been put into synthesising 
intermediate and low band gap (<1.8 eV) conjugated polymers[15,58-62] to improve 
the absorption at longer wavelengths. One of the strategies that have been used for 
synthesizing low band gap conjugated polymers is that of incorporating segments 
consisting of alternating electron-donating and electron-accepting units (D-A-D 
segment) in the polymer repeating unit.[33,58,63] Polymer solar cells with absorption 
extending as far as in to the infrared region has been achieved with this strategy.[64]  
 
In donor-acceptor solar cells both the donor and acceptor material may contribute 
to the absorption. Even though PCBM has been successfully used as acceptor in 
polymer solar cells it has a drawback in that it only absorbs light with wavelengths 
shorter than 470 nm[64] and thus contributes very little to the absorption of solar 
light. Using other acceptors, either polymer or molecules, which absorbs at longer 
wavelengths may improve the overall absorption of the solar cell. Another way to 
improve the overall absorption of solar light is to stack solar cells based on 
materials that absorb in different wavelength regions. This strategy has been used 
to fabricate tandem or multiple junction solar cells, both for polymer solar cells[65-

67] as well as for inorganic solar cells.[6]  
 
 
2.2.4 APFO-3 
The main polymer studied in this thesis is poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
5,5-(4´,7´-di-2-thienyl-2´,1´,3´-benzothiadiazole)] (APFO-3) (in paper one this 
polymer is called LBPF5). This is an alternating co-polymer of polyfluorene with a 
D-A-D segment in the backbone. The band gap (2.3 eV) is lower than for pure 
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polyfluorene, but not as low as some other polyfluorene co-polymers with stronger 
(more electron-donating and/or electron accepting) D-A-D segments.[58,59] The 
absorption spectrum of APFO-3 extends up to 650 nm with one peak just below 
400 nm and another around 550 nm.[68] In the solar cells in this thesis APFO-3 is 
used as the donor material together with PCBM as the acceptor. The LUMO level 
of APFO-3 is sufficiently above the LUMO of PCBM (see Figure 2.7),[56] which 
makes this a good donor-acceptor pair for solar cell applications. However, APFO-
3 has also been used as the acceptor material in a polymer-polymer solar cell in 
combination with P3HT.[69]  
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Figure 2.7: Chemical structure of APFO-3 and the HOMO and LUMO levels (with respect to the vacuum 

level) for APFO-3 and PCBM.[56] 
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Chapter 3 

Polymer solar cells 
 
3.1 Device Characterization 
 
3.1.1 Current-voltage characteristics 
General for solar cells is that the performance of a device can be evaluated by 
studying the current-voltage characteristics, both in the dark and under 
illumination. A typical current-voltage characteristic can bee seen in Figure 3.1. 
From this, important parameters such as the short-circuit current, the open-circuit 
voltage, the fill factor and the power conversion efficiency can be extracted, all of 
which will be discussed below. To be able to compare the parameters for solar cells 
measured at different labs around the world it is important to use standardised 
measurement conditions, especially under illumination for which the standard 
reporting conditions are illumination by white light at an intensity of 1000 W/m2 
with a AM1.5 global spectrum and a sample temperature of 25°C.[70]  
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Figure 3.1 Current-voltage characteristics for an APFO-3:PCBM  solar cell in the dark and under 

illumination. 

 
 
The basic working principle of a solar cell is that it produces a photocurrent when 
illuminated, even at zero bias (short circuit condition). The photocurrent at exactly 
zero bias is called the short-circuit current (Isc). Since the magnitude of this short-
circuit current is roughly proportional to the illuminated area of the device,[1] the 
short-circuit current density (Jsc), which is the current divided by the active diode 
area, is however the common quantity used when reporting from solar cell 
measurements. In the dark most solar cells exhibit rectifying diode properties, [1] 
i.e. they admit a much larger current under forward bias than under reversed bias. 
The dark current, which flows in the device as a function of an applied forward 
bias, acts in the opposite direction of the photocurrent. The overall current in the 
device under illumination and at an applied forward bias is thus the short-circuit 
current reduced by the opposing dark current. A reasonable approximation for 
most solar cells is that the current voltage response can be taken as the sum of the 
short-circuit current and the dark current (equation 3.1).[1]  
 

)()( VJJVJ darksc −=   (3.1) 

 
At a certain voltage the dark current exactly cancels out the short-circuit current so 
that the net current is zero. This voltage is known as the open-circuit voltage, Voc. 
The operating range of the solar cells then stretches from 0 bias to Voc,[1] and the 
generated power is given by the relation in equation 3.2. 
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VIP ⋅=  (3.2) 

 
The maximum power point, i.e. where P has its maximum, is shown in figure 3.1, 
and it occurs at some voltage Vmpp corresponding to a current Impp. A quantity, 
known as the fill factor (FF), is then defined (equation 3.3) as the maximum power 
divided by the short-circuit current times the open-circuit voltage.[70] This quantity 
is used to describe the shape of the current-voltage curve, where more rectangular 
shaped curves generate larger fill factor values. Finally, the power conversion 
efficiency, η, of the device is obtained by dividing the maximum power that can be 
extracted from the solar cell by the power of the incident light (PL), equation 3.4.[70] 
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The equivalent circuit of an ideal solar cell is that of a current generator in parallel 
with a rectifying diode.[1] In real cells, however, power losses occurs and it is 
therefore necessary to modify the ideal equivalent circuit by including both a series 
resistance and a parallel resistance.[70] Ideally the series resistance should be zero 
and the parallel resistance (shunt) should approach infinity. Both a high series 
resistance and a low shunt will shift the maximum power point so that the fill 
factor is decreased.[1] A high series resistance may also have the effect of lowering 
the short circuit current while a low shunt may influence the open circuit 
voltage.[70] The series resistance depends e.g. on the resistance of the contacts and 
on the mobility of the charges in the active solar cell material. A low parallel 
resistance can be due to leakage currents around the edges of the device or as a 
result of a poor rectifying behaviour of the solar cell in the dark.[1]  
 
  
3.1.2 Quantum efficiency 
Another important quantity for describing the performance of a solar cell is the 
external quantum efficiency (EQE) or incident photon to current efficiency 
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(IPCE). The quantity is obtained by measuring the spectral response of a device, 
i.e. the photocurrent response for monochromatic illumination as a function of 
wavelength of the incident light, and then dividing the short-circuit current for 
each wavelength by the intensity of that light. The resulting spectrum gives 
information about the probability of an incident photon of a specific wavelength 
generating an electron to the external circuit.[1]  The EQE naturally depends on the 
absorption coefficient of the active layer but also on the efficiency of the charge 
separation, transport and collection. Ways of increasing the absorption of solar 
light, and thus obtaining higher EQE:s, have been discussed in Chapter 2. By 
correcting the EQE spectra for optical losses due to the transmission and the 
reflection of light of the solar cell an internal measure, the so-called internal 
quantum efficiency, can be obtained. [71] This quantity only depends on the charge 
generation and transport properties in the solar cell, and is therefore useful in 
comparative analyses of devices.  
 
 
3.2 Donor-acceptor polymer solar cells 
 
The choice of electrodes is governed by the positions of the HOMO of the donor 
and LUMO of the acceptor. The work-function of the anode (φanode) should be 
smaller or equal to the ionization potential of the donor (HOMO level), while the 
work-function of the cathode (φcathode) should be larger or equal to the electron 
affinity of the acceptor (LUMO level), as illustrated in Figure 3.2.[72] The Voc of the 
device has been reported to correlate directly to the energy difference between the 
HOMO of the donor and the LUMO of the acceptor, while only vary slightly with 
the work-function of the cathode.[73] However, a clear distinction between ohmic 
and non-ohmic contacts has also been reported,[72] where ohmic contacts result in 
a Voc related to the HOMO-LUMO difference as previously observed and non-
ohmic contacts give a Voc that scales with the work-function difference between 
the electrodes. 
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Evaccum = 0 eV 

 
Figure 3.2: The energy levels of the donor, acceptor and electrode materials (correlated to the Evaccum).[72]  
 
 
The processes in a donor-acceptor polymer solar cell can be divided into three 
steps (see Figure 3.3). 
 
1. Absorption of the light and generation of an exciton 
2. Dissociation of the exciton and separation of the charges 
3. Transport of the charges to the electrodes and collection of the charges 
 
Absorption can occur either in the donor or acceptor material (or in both) and 
depends both on the device geometry and on the absorption coefficient and 
thickness of the donor-acceptor layer. As discussed in Chapter 2 the absorption 
spectra of the materials should overlap with the solar spectrum of the photon flux 
density to generate as many excitons as possible. In solar cells with a polymer 
donor combined with PCBM as acceptor, excitons are mainly generated in the 
polymer. The created excitons may either recombine resulting in an emission of 
light (photoluminescence) or dissociate at an interface between donor and acceptor 
materials. The latter process results in a charge transfer from the donor to the 
acceptor or from the acceptor to the donor. The separated charges are then 
transported through the acceptor and the donor materials respectively to the 
electrodes. At short-circuit current (as in Figure 3.3) the direction of the current is 
determined by the work-function of the electrodes.  
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Figure 3.3: The physical processes in a solar cell (at short-circuit current condition) divided into three 
steps: (1) absorption of a photon (hν) in the donor and generation of an exciton, (2) dissociation of the 
exciton and charge transfer of an electron to the acceptor, (3) transport and collection of the charges.  

 
 

To obtain high power conversion efficiencies for solar cells, high values for both 
Voc, and Jsc, as well as a high fill factor is required. The Voc is determined by the 
solar cell material and the electrodes (as mentioned above). A high fill factor 
depends on an efficient exciton dissociation and separation of the charges,[74] a low 
series resistance[17] and balanced electron and hole mobilties.[75] To obtain a high Jsc 
both an efficient light absorption as well as efficient charge generation, transport 
and collection are required. In donor-acceptor polymer solar cells all these 
processes are strongly influenced by the device structure and the distribution of the 
donor and the acceptor material in the cell. This will be discussed further in section 
3.2.2.  
    
 
3.2.1 Device structu e r
Polymer solar cells are layered structures consisting of an active layer sandwiched 
between two electrodes (see Figure 3.4). One electrode needs to be transparent and 
commonly a transparent conducting indium tin oxide (ITO) coated on a glass 
substrate is used. This electrode is then the hole-collecting anode. The ITO is 
usually covered with a thin film of the conducting polymer PEDOT:PSS, i.e. 
poly(ethylene dioxythiophene) doped with polystyrene sulphonic acid. The layer of 
PEDOT:PSS smoothes the relatively rough ITO surface and helps to prevent 
short-circuits due to spikes in the ITO. The ITO/PEDOT:PSS electrode is 

(1)   

(2)   

(3)   hν  

EF(3)   

anode donor acceptor cathode 
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commonly used as the bottom electrode onto which the active layer is deposited. 
Then, as the top electron-collecting electrode (cathode), typically aluminium (Al) is 
used. The Al contacts are evaporated through a shadow mask on top of the active 
layer. A thin film of LiF or Ca is sometimes introduced between the active layer 
and the top electrode. The role of this intermediate layer and how it affects the 
device performance is still under discussion.[76-78]  
 

 
Figure 3.4: A schematic image (not to scale) of the layered structure of a polymer solar cell and typical 

contact materials. 

 
 
In the strive to improve the efficiency of polymer solar cells new device structures 
and concepts have been developed, e.g. inverted,[79], folded,[80]  semitransparent,[81] 
tandem,[66] and multijunction[65] cells. The inverted cells are cells in which the 
bottom electrode, onto which the active layer is deposited, is a metal and the 
transparent electrode is deposited on top. The folded cells are inverted cells that 
are placed in a folded structure so that light that is reflected in one cell can be 
absorbed in another. Semitransparent cells have two transparent electrodes so that 
the solar cell can be incorporated in e.g. windows where it allows the light that is 
not absorbed to pass through. Tandem and multijunction cells can be used to 
combine solar cell materials that absorb light in different wavelength regions, as to 
better take advantage of the full solar spectrum. They consist of stacked cells with 
transparent intermediate layers that provide the electrical contacts between the 
different sub cells.  
 
The active layer, i.e. a thin film of the donor-acceptor materials, is usually 
deposited from solution using spin-coating, directly onto the bottom electrode. 
This technique will be described in Chapter 5. There are two basic structures in 
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ITO
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LiF/Al 
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which the donor and acceptor materials can be combined, either by depositing the 
donor and acceptor materials in two separate layers, a so called bilayer-
heterojunction, or by depositing the two materials simultaneously in one single 
layer, a so called bulk-heterojunction. There are also other ways in which more 
layers are used, e.g. graded or multilayered structures. Both the bilayer- and the 
bulk-heterojunctions have their advantages and drawbacks, as will be discussed in 
the following section, in the light of the physical processes that occur in the solar 
cell. However, a general advantage for the bulk-heterojunction is that the active 
layer can be spin-coated from a single solution in which the donor and acceptor are 
dissolved in a common solvent.  
 
 
3.2.2 Morphology 
The first donor-acceptor organic solar cells where bilayer-heterojunctions.[35] For 
polymer solar cells bilayer-heterojunctions can be fabricated e.g. by spin-coating 
the layers on top of each other from different solvents, [82] by laminating two 
already existing layers,[83] or by evaporating C60 on top of a spin-coated polymer 
layer.[84] Since the driving force for dissociation of the exciton and separation only 
exists at the interface between the donor and acceptor materials, excitons have to 
travel to such an interface for dissociation to occur. In conjugated polymers the 
exciton diffusion length is short, typically about 10 nm.[19,85-89] This means that 
there must be a donor/acceptor interface within this distance from where the 
exciton is created for the exciton to dissociate. In bilayer junction solar cells 
(Figure 3.5a) this is only the case for excitons created in such close range to the 
interface between the two layers, limiting the amount of free charges that can be 
generated. A way to address this problem is to increase the active region by 
increasing the roughness of the interface, i.e. interdiffusion or intermixing of the 
donor and the acceptor layers (Figure 3.5b). Such diffuse interface structures have 
been made for several polymer solar cells,[66,90-92] resulting in an increased 
photocurrent compared to the planar bilayer devices. Another way is to completely 
mix the donor and acceptor in one single layer, the bulk-heterojunction device 
structure (Figure 3.5c).[93-95] This concept has proven to be a successful approach 
for both polymer-polymer and polymer-PCBM based devices.[19,29,43]  
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a) b) 

c) 

 
Figure 3.5: Schematic illustrations of different donor-acceptor active layer morphologies: a) planar 
bilayer-heterojunction, b) diffuse interface bilayer-heterojunction, and c) bulk-hetereojunction. Electrons 
and holes are indicated by closed and open circles respectively.[96]  
 
 
The morphology of the active layer also affects the transport of charges to the 
electrodes. Since the acceptor material usually is a better electron transporter and 
the donor a better hole transporter, it is important to have continuous paths within 
pure phases of each of the components from the point of excition dissociation to 
the respective electrode for the charges to reach the external circuit. For this the 
electron transporting material should be in contact with the cathode and the hole 
transporting material in contact with the anode. This favours a bilayer structure, 
since in this structure the charges are able to travel in a continuous layer of either 
donor or acceptor material to the corresponding electrode (see Figure 3.5a and b). 
In bulk-heterojunction devices the existence of continuous paths depends on the 
three-dimensional distribution of the two components in the single layer. At the 
same time as the interface area and the generation of free charges are increased in a 
blend film, the transport paths gets longer and can include both dead-ends and 
bottlenecks so that the charges may get trapped or recombine before reaching the 
electrodes (Figure 3.5c). This means that the performance of the bulk-
heterojunction solar cells is strongly affected by the donor-acceptor blend film 
morphology. This is generally accepted and both solvent changes[18,97,98] and post-
production treatments[17,99] have been reported to improve the performance of 
bulk-heterojunction polymer solar cells, as a consequence of morphology changes. 
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A more detailed discussion about parameters that influence the morphology in 
polymer blend thin films spin-coated from solution can be found in chapter 5. 
There is, however, so far only limited knowledge about exactly how the 
morphology and the solar cells performance are linked[100-102] and it should also be 
noted that the optimal morphology may be different for each donor-acceptor 
material combination. This is due to the fact that such parameters as charge carrier 
mobility, which strongly influence the device performance, are intrinsic properties 
of each polymer/molecule, but also vary with morphology. This can be illustrated 
by the fact that in some polymer:PCBM  blends the hole mobility decrease linearly 
with increasing PCBM content,[103] while in other blends the hole mobility increase 
with increasing PCBM content. [54-56] It is therefore of great importance both to 
understand and control factors that influence the blend film morphology during 
spin-coating and also systematically study the morphology together with device 
characterization to be able to find the optimal morphology for each specific donor-
acceptor combination.  
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Chapter 4 
Polymer blends 
 
Commercial plastics commonly consist of mixtures of one or more polymers with 
a variety of additives, e.g. plasticizers, flame retardants, stabilizers, and fillers.[104] 
The mixtures are used to enhance or combine different material properties, for 
instance mechanical strength, flammability resistance, colour, or desired chemical, 
optical or electrical properties. Polymers are generally immiscible, which means 
that homogeneous polymer-polymer or polymer-molecule blends can only be 
obtained at certain compositions and temperatures or in solutions, if there are no 
specific interactions between the components. When a mixture of such polymers is 
cooled or when the solvent is allowed to evaporate from a polymer blend solution 
(a three component system), thermodynamics will drive the system to separate into 
two phases. If the change in temperature or the solvent evaporation is slow enough 
the system will reach equilibrium and phase separate completely. Otherwise, an 
intermediate phase separated structure will be formed. This intermediate structure 
depends on the kinetics of the phase separation process and the time allowed for 
phase separation to occur during the cooling of the mixture or the solvent 
evaporation from a solution.  
 
In this chapter some of the basic thermodynamics of polymers in solution and 
polymer blends will be discussed. The kinetics that influence the final structure of 
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thin films of polymer blends formed via spin-coating, e.g. for solar cell 
applications, will be discussed in chapter 5.   
 
 
4.1 Thermodynamics 
 
In thermodynamic terms two components are said to be miscible if they form a 
single-phase system at a molecular level.[105] The main criterion for mixing is given 
in equation 4.1 and states that two components are miscible if the change in free 
energy of mixing is negative.  
 

0<∆−∆=∆ mixmixmix STHG  (4.1) 

 
Here ∆Gmix is the Gibbs free energy of mixing, ∆Hmix is the enthalpy of mixing, 
∆Smix is the entropy of mixing and T is the temperature.  
 
 
4.1.1 Polymers in solution 
In 1942 Flory and Huggins independently introduced a model for calculating the 
enthalpy and entropy of mixing of polymers in solution.[105,106] It is based on a 
lattice model in which each lattice position is either occupied by a solvent molecule 
or a repeating unit of the polymer (polymer segment). A polymer chain consists of 
r repeating units and thus occupies r connected sites in the lattice (Figure 4.1).[25] 
 

 
Figure 4.1: A lattice of a binary mixture of a polymer (connected black circles) and a low molecular mass 
solvent (white circles).   
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The number of different ways to arrange the polymer chains in the lattice then 
gives the entropy of mixing as, according to the Boltzmann law:[25,105] 
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here v1 and v2 are the volume fractions of the solvent and polymer respectively 

he enthalpy of mixing can be obtained from the regular solution theory by 

w
and R is the universal gas constant. N=N1+rN2, where N1 and N2 are the number 
of moles of the components and r is the number of lattice positions occupied by 
each polymer chain.  
 
T
considering the interaction energies between the solvent molecules and the 
polymer segments. In the lattice a polymer segment is surrounded by both solvent 
molecules and other polymer segments. The formation of the solvent-polymer 
contact requires that solvent-solvent and polymer-polymer contacts first are 
broken. This formation of new contacts can be described with the interchange 
energy ∆ω12.[25] 
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ere ω11 and ω22 are the contact interaction energies for each component. The H

enthalpy of mixing is then given by: 
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here z is the co-ordination number of the lattice and we have defined the w

dimensionless interaction parameter 
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[105] The Gibbs free energy of 

mixing then becomes, according to equ n 4:  
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The first two terms represent the entropic contribution due to the different 
arrangements of the polymer chains in the solvent and the last term is the enthalpic 
contribution from the interactions between neighbouring molecules. In the original 
Flory-Huggins theory the entropy of mixing is completely combinatorial, which 
means that only the entropy change due to the number of possible configurations 
of the polymer chains can take in the lattice is accounted for. However, the 
interactions between the polymer and the solvent may lead to a change of the 
lattice volume due to local packing of the solvent molecules and polymer 
segments.[107] This results for most real polymer blends, in a deviation of the 
temperature dependence of the interaction parameter. Flory therefore modified the 
theory by postulating that the interaction between neighbouring contacts 
contributes to the entropy of mixing, and should therefore be regarded as a free 
energy parameter, equation 4.6. [105] According to this modification equation 4.5 
still holds, but the last term now includes both an enthalpic and an entropic 
contribution. The interaction parameter χ12 is accordingly defined in equation 4.7 
and 4.8.[25,105] 
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The interaction parameter can be obtained experimentally and is commonly used 
to determine the compatibility between polymers and solvents or other polymers. 
Negative or small positive values for χ indicate that the components are miscible, 
while χ ≥ 0.5 predicts that phase-separation will occur.[105]  
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4.1.2 Polymer-polymer and polymer-molecule blends 

 

The thermodynamics of polymer-molecule blends is similar to the thermodynamics 
for polymer solutions. The main difference is the strength of the interactions 
between the molecules. In solids the intermolecular interactions are much larger 
and it will require more energy to break interactions and to form new polymer-
molecule contacts. The combinatorial entropy of mixing will still contribute to the 
miscibility but with larger molecules the contribution will decrease.[105] For 
polymer-polymer blends the change in entropy upon mixing, ∆Smix, will be very 
small due to length and size of the polymer molecules, which means that the 
enthalpy of mixing must be equally small or negative for the system to mix 
spontaneously (∆Gmix<0). Polymer-polymer blends are therefore immiscible in the 
absence of any specific interactions between the components. In blends with solids 
that have a crystalline phase, the kinetics of crystallization will compete with the 
kinetics of phase separation.  
 
 
4.1.3 Phase diagrams
The Gibbs free energy of mixing (∆Gmix) can, for a constant temperature, be 
plotted as a function of the blend composition. If such a graph is concave with no 
inflection points then the miscibility is complete over all compositions, at that 
specific temperature.[105] If, however, the graph has two or more inflection points 
the miscibility is limited to compositions to the left and right of the so-called 
binodal region i.e. the region between the binodal points, x2' and x2'', which are two 
points connected with a common tangent (see Figure 4.2a).[25] Any blend with 
composition between the binodal points will separate into two phases. For each 
curve corresponding to a certain temperature the composition of the binodal 
points can be obtained and then plotted against the temperature (see Figure 4.2b). 
Above the binodal curve, or coexistence curve, in the temperature vs. composition 
graph the blend is stable. The upper limit is called the critical point and represents 
the critical temperature Tc. The inflection points in the Gibbs free energy curve, 
given by ,0)( 2

'' =∆ xGmix
[105] are called the spinodal points. These can, in the same 

way as the binodal points, be plotted as a function of the temperature in the phase 
diagram resulting in a spinodal curve. Since  inside the spinodal 
curve, this region represents a perfectly unstable region in which even an 

0)( 2
'' <∆ xGmix
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infinitesimally small fluctuation in the local composition will lead to a decrease in 
the Gibbs free energy. [108] 
 

 
Figure 4.2: a) A schematic diagram of Gibbs free energy as a function of the mol fraction x of component 
2 for temperatures T1 to T5. At temperatures ≥ TC (the critical temperature) the system is miscible for all 
compositions.  b) The corresponding phase diagram with the binodal and spinodal curves marking the 
stable, metastable and unstable regions. (Copy from “Polymers: Chemistry & Physics of Modern 
Materials”, courtesy of Professor J.M.G. Cowie)[25]  

 
 
When a blend undergoes a transition from a stable point in the phase diagram to a 
point in this unstable region the blend will decompose into domains of two 
coexisting phases, so called spinodal decomposition.[109-111] The phase separation 
occurs spontaneously since there is no energy barrier for nucleation of a new phase 
in this unstable region. Diffusion is in the direction of increasing concentration and 
random fluctuations in composition will be amplified into compositional waves 
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that grow in amplitude and wavelength, so called spinodal waves.[112] The resulting 
morphology is that of a disordered bicontinous two-phase structure, as in Figure 
4.3a.[113] The area between the binodal and spinodal curves, on the other hand, 
represents a metastable region where the blend is stable to spontaneous 
concentration fluctuations provided they remain sufficiently small. In this region 
only large fluctuations, that lead directly to the formation of a nucleus with a 
composition corresponding to one of the (at equilibrium) coexisting phases, will 
decrease the Gibbs free energy, i.e. there is a free energy barrier for the formation 
of a new phase.[108] After the initial formation of a nucleus, the growth of domains 
will be controlled by diffusion until the equilibrium composition of the co-existing 
phases is reached (Figure 4.3b). Further growth may occur by coalescence of 
domains or Ostwald ripening.[113]  

 

a) b) 

 
Figure 4.3: Morphology of phase-separated polymer blends: a) bi-continuous network from spinodal 
decomposition, and b) isolated domains formed via nucleation and growth.[113]  
 
 
The Flory-Huggins theory has been generalised for ternary systems i.e. a polymer-
polymer/molecule blend in solution.[114,115] The Gibbs free energy equation for 
such a system is similar to the one for binary blends but with three independent 
interaction parameters, one for each pair of the components. The phase diagram 
for ternary blends is usually represented by an equilateral triangle with each apex 
representing one of the pure components, see figure 4.4. Here the upper limit of 
the coexistence curve (binodal line), does not represent the critical temperature but 
the critical concentration of the solvent and each polymer for which a 
homogenous blend can be obtained.  
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Figure 4.4 Phase diagram for a ternary mixture of polymer A and polymer B in a common solvent. The 
point x represents a stable point in the phase diagram, from which a quench is made into the unstable 

region, indicated by the arrow. 

 
 
4.2 Solubility and surface energy 
 
Most polymers adopt a random coil like chain conformation. According to the 
behaviour of these polymer coils in a dispersion the solvent used can be classified 
as either good or poor.[107] In a good solvent the compatibility between the solvent 
molecules and the polymer is high, i.e. the interaction parameter between the 
polymer and the solvent has a negative or small positive value resulting in a 
negative free energy of mixing. This results in an expansion of the polymer coil. In 
a poor solvent the compatibility is lower (larger positive values of χ) and there are 
less interactions between the polymer and the solvent. This restricts the expansion 
of the polymer coil.  
 
4.2.1 Solub lity parameters i
Solubility parameters are used to compare solvents and their compatibility with 
different molecules or polymers. The Hildebrand solubility parameter (δ) is the 
square root of the cohesive energy density (CED), which in turn is defined as the 
molar energy of vaporisation (∆EV) per unit molar volume (V) and is a measure of 
the intermolecular attraction and repulsion forces.[105] 

 

polymer A 

polymer B 

Coexistence curve 
(binodal line)  

solvent 

x 

Spinodal curve 
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E

CED V∆
==δ   (4.8) 

 
The solubility parameter can readily be obtained for liquids using experimental data 
for the energy of vaporisation. Polymers and other large molecules, however, 
degrade (breaking of molecular bonds) before vaporisation and the Hildebrand 
parameter can only be determined by indirect methods. For the conjugated 
polymers used in this thesis the solubility parameters are not previously known, 
with some exceptions.[116] Measuring the parameters requires an amount of the 
polymer not always available when experimenting with new and advanced 
polymers. The solubility parameters can be estimated from the square root of the 
surface energy of the polymer.[117] This can easily be understood considering that 
the surface energy is nothing else than the surface tension of a solid, which, in its 
turn, can be described as a direct measure of the cohesive forces that holds the 
condensed phase together. The surface energy of a solid is commonly determined 
using contact angle measurements. In this method a drop of a liquid is placed on a 
solid surface and the contact angle, θ, is measured (see Figure 4.5).[118]  
 

γLV

 
Figure 4.5. A liquid drop on a solid surface, with the contact angle θ and the interfacial tensions of the 
Young equation (drawn as arrows).[118] 

 
 
The Young equation (4.9) describes the relation between the interfacial tensions of 
the solid-vapour (γsv), liquid-vapour (γlv), and liquid-solid (γls) interfaces.[118] If the 
influence on the solid surface tension of vapour adsorption on the surface can be 
neglected, γsv equals the intrinsic surface energy (γs) of the solid. 
 

θγγγ coslvslsv =−  (4.9) 

θ γLS

Liquid 
γSV

Solid 
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The solubility parameters can also be used to calculate the Flory interaction 
parameter χ12, from the following equation.[119] 
  

C
RT
V

jiij +−= 21 )( δδχ  (4.10) 

 
where V1 is the molar volume of the solvent, which defines the lattice size in the 
Flory-Huggins theory, R is the molar gas constant and T is the temperature. The 
term C is the entropic contribution and usually takes a value between 0.3 and 0.4 
for non-polar systems.[119] 
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Chapter 5 
Spin-coated thin films and phase separation 
 
5.1 Spin-coating 
 
Spin-coating is a process used for fabricating thin polymer films from solution. A 
drop of the polymer solution is dispensed onto a substrate, which is held fixed by 
means of vacuum onto a substrate holder (disc). The disc with the sample is then 
rotated at a high speed (from hundreds up to several thousands revolutions per 
minute). The spinning motion causes the solution to spread out and form a thin 
solid film on the substrate. After the initial deposition of the solution onto the 
substrate, the process can be broken down into three stages (see Figure 5.1).[120] 

 
1. Acceleration 
2. Film thinning 
3. Drying 
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0) 1) 

2) 3) 

 
Figure 5.1: The stages of spin-coating, 0) deposition of solution, 1) spreading during acceleration to 
final spin speed, 2) film thinning by outflow and evaporation, 3) drying by evaporation. 

 
 
During the acceleration stage (1) excess fluid (~90%) is slung off until the film is 
thin enough to co-rotate with the substrate. The dispensed volume of solution and 
the acceleration rate have little effect on the final thickness and uniformity of the 
film unless the acceleration rate is slow (~10 seconds or longer for the acceleration 
stage).[121] In the next stage (2) viscous forces control the thinning process of the 
film as fluid flows off the substrate and solvent evaporates. It is in this stage that 
the final thickness and homogeneity of the film is determined (see below). When 
the viscosity is so high throughout the whole film that the flow is drastically 
reduced, solvent evaporation becomes the dominant mechanism (stage 3).[120]  
  
 
5.1.1 Film thickness 
The final film thickness (hf) is determined mainly in stage 2 of the spin-coating 
process,[122] and it has been shown to be proportional to the spin speed (Ω) as 
follows.[120,122]  
 

Ω
∝

1
fh  (5.1) 

 
Increasing the spin speed increases the radial flow and in a simple model also 
increases the evaporation rate, which will result in a decrease of the film 
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thickness.[122] The radial flow is determined by the balance between the centrifugal 
driving force, proportional to the spin speed, and the viscous force resisting this 
flow.[123] The film thickness is therefore not only determined by the spin speed but 
depends also strongly on the viscosity of the solution. The viscosity of a polymer 
solution is highly concentration-dependent and increases by several orders of 
magnitude as the concentration increases due to solvent evaporation during stage 2 
of the spin-coating process. Eventually, the rapid increase in viscosity will cause the 
radial flow to cease. A higher initial concentration and thus a higher initial viscosity 
will mean that this point is reached earlier and result in a thicker film.[120]  
 
The evaporation of solvent can be considered as a mass transfer process from the 
liquid film to the surrounding atmosphere. The rate of evaporation at the surface is 
determined by the vapour pressure of the solvent, the spin speed, and the 
conditions of the surrounding atmosphere (i.e. temperature, humidity). However, 
the evaporation of solvent will enhance the concentration of polymer at the surface 
and create a concentration gradient in the liquid film. The evaporation rate then 
becomes dependent on the diffusivity of the solvent molecules to the surface. With 
increasing polymer concentration the diffusivity decreases. The decrease in 
evaporation rate due to the decrease in diffusivity does not become significant until 
the third stage of the spin-coating process. During the second stage the radial 
outflow of solution provides the liquid film with a constantly fresh surface. When 
the radial flow ceases, the solvent becomes trapped inside the film and the 
evaporation rate will be limited by the diffusivity.[123]  
 
 
5.1.2 Striation defects 
A common defect in spin-coated films is radial lines representing thickness 
undulations, referred to as striations,[124] parallel to the direction of the flow. At the 
centre of the substrate the outflow is slower during spinning and the striation 
pattern is different, consisting of a cellular structure instead of lines. The formation 
of striations during spinning is reported to arise from evaporation driven surface 
tension effects. The thermodynamic definition of surface tension is the work 
required to expand an interface between a liquid and air.[125] This work is related to 
the attractive intermolecular forces holding together condensed phases, i.e. liquid 
and solids (see discussion in chapter 4). Instabilities in the surface tension can be 
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caused by the top surface having a higher surface tension than the solution 
underneath would have.[124] Because of the flow in the spin-coating process the 
instabilities may lead to local differences in the surface tension at the top surface. 
This will cause a lateral fluid motion where regions with higher surface tension will 
draw material away from regions with lower surface tension, creating hills and 
valleys in a wavelike pattern on the surface. Both temperature and compositional 
gradients in the liquid may cause this difference in surface tension. As the solvent 
evaporates the top surface may be slightly cooled down, resulting in a temperature 
gradient in the liquid film. The surface tension for simple solvents is usually higher 
for decreasing temperatures and the lower temperature at the top surface will thus 
cause a slight increase in the surface tension, i.e. the necessary condition for 
striations to form. The solvent evaporation will also cause a compositional gradient 
in the liquid film. The composition dependence of surface tension is usually non-
linear and the change in surface tension due to a compositional gradient may be 
much larger than the one due to a temperature gradient.  
 
It has been reported that the formation of striations during spin-coating can be 
prevented by using low vapour pressure solvents with slow evaporation rates.[126] 
Another way is to use a solvent mixture in which the less volatile solvent has a 
lower surface tension, for instance a mixture of trichloromethane and 
cyclohexane.[124] During evaporation the solvent with highest surface tension (e.g. 
trichloromethane) will evaporate first, and as a result the surface tension will be 
lowered at the top surface by the relative increase in concentration of the lower 
surface tension solvent (e.g. cyclohexane), which may work against the formation 
of striations.  
 
For the spin-coated polymer blend thin films in the papers, striations have been 
observed in films spin-coated from chloroform solutions, but not in films spin-
coated from chlorobenzene solutions. 
 
 

5.2 Phase separation and nucleation in spin-coated thin films 
 
The rapid solvent removal, when spin-coating thin films from homogeneous 
ternary blends consisting of two solid components and a common solvent, will 
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quench the blend system into a metastable or unstable region of the phase diagram 
(see chapter 4). Since the solvent quench will not occur instantaneously the system 
will have some time to phase separate or demix. The final thin film morphology 
will depend on the time allowed for phase separation to occur during the spin-
coating process, i.e. the drying time of the film. The phase separation stops when 
the viscosity of the film becomes so high that the polymer chains are no longer 
mobile, which means that phase-separation mainly occurs during stage 2 of the 
spin-coating process.[127]  
 
5.2.1 Solvent  
The choice of solvent is of great importance when spin-coating polymer blends. 
First of all, the vapour pressure of the solvent determines the solvent evaporation 
rate, which influences the thickness of the film and the drying time during the 
spinning process. A high vapour pressure corresponds to a faster evaporation rate. 
This means that the second stage in the spin-coating process is shorter and the film 
thinning is stopped earlier for high vapour pressure solvents (such as chloroform) 
than for low vapour pressure solvents (such as xylene or chlorobenzene). A high 
vapour pressure solvent solution will therefore result in a thicker but less phase-
separated blend film compared to a film spin-coated from lower vapour pressure 
solvents, if the spin-speed and concentration of the solution are the same in both 
cases. When solvent mixtures are used the solvent with the higher vapour pressure 
will evaporate first and the lower vapour pressure solvent will stay longer in the 
film, affecting the drying time of the second stage and the degree of phase 
separation.  
 
Another aspect of the choice of solvent has to do with the relative solubility of the 
blend components in the used solvent. Walheim et al[128] showed that the 
topography of a spin-coated polymer blend film was affected as a result of a 
difference in solubility between the two blend polymers in the common solvent. 
The phase that was rich in the less soluble polymer was more quickly depleted 
from solvent and was the first to solidify, forming column-like domains. The other 
phase was still swollen by the solvent and with further evaporation it collapsed, 
resulting in areas of lower height in-between the columns of the first phase. 
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In the papers included in this thesis mainly chloroform and chlorobenzene have 
been used as solvents. In an additional paper[129] not included in this thesis, solvent 
mixtures of chloroform and toluene and of chloroform and xylene were also used. 
Properties of these solvents are given in Table. 5.1. 
 
Table 5.1 Properties of solvents used in the work presented in this thesis and in a related paper. [117,130] 

Solvent Vapour pressure at 
25°C (kPa) 

Surface tension, γ 
(mN/m) 

Solubility 
parameter, 
(cal/cm3)1/2

Chloroform 26.2 26.67 9.3 
Chlorobenzene 1.6 32.99 9.5 

Toluene 3.8 27.93 8.9 
Xylene 1.1 29.76 8.8 

 
 
5.2.2 Spin speed and concentration  
The time available for phase-separation during spin-coating also depends on the 
spin speed and the initial concentration of the solution. Increasing the spin speed 
will increase the solvent evaporation rate and decrease the time for both the 
second and third stages in the spinning process. This leads to a decreased film 
thickness (see equation 5.1) and gives the system less time to phase separate (due 
to the shorter time in stage 2), resulting in less developed domains in 
polymer/polymer blend films. For a constant spin speed, a higher initial 
concentration of the solution is equal to an initially higher viscosity and the time 
for the second stage will therefore decrease and result in a thicker film. However, 
since the phase-separation mainly occurs during stage 2 less developed domains 
will be the result also in this case.  
 
 
5.2.3 Interfaces 
At the free surface and at the interface with the substrate, the phase separation may 
be influenced by the surface energy (the surface tension of solids) of the blend 
components. If there is a difference in surface energy between the two 
components then the component with the lower surface energy will be attracted to 
the free surface to reduce the energy of this surface.[118,131] Also, the surface energy 
of the substrate will influence the wetting behaviour of the blend solution. When 
the components have a different surface energy, one or the other may 
preferentially wet the surface. The mechanism is the same as at the free surface and 
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both may result in composition gradients in the film close to the interfaces with the 
free surface and/or with the substrate. In a polymer blend that is quenched into 
the unstable region of the phase diagram, compositional waves (spinodal waves) 
arise during spinodal decomposition, as a result of random fluctuations in 
composition (see Chapter 4). In the bulk these waves are of random directions and 
phases resulting in a disordered blend morphology. In the presence of an interface, 
however, the direction and phase of the spinodal waves may become fixed, 
propagating perpendicularly from the interface.[112,132] This is referred to as surface 
directed spinodal decomposition.[132] According to several structure formation 
models,[133-136] surface directed spinodal decomposition will  induce the formation 
of stratified phases in the early stage of spin-coating. The layered structure can 
then either be frozen in[112,137,138] as a result of a rapid quench, or break up by 
interfacial instabilities to yield lateral domains.[135,136,139]  
 
 
5.3 Morphology in spin-coated films for solar cell applications 
 
The morphology of spin-coated polymer blend thin films for solar cell applications 
have been reviewed in several papers.[101,102,140] Two of the most studied donor-
acceptor combinations for polymer solar cells are MDMO-PPV:PCBM and 
P3HT:PCBM. For MDMO-PPV:PCBM blends, it has been observed that different 
spin-coating solvents influence both the phase-separation and the interchain 
packing of polymer and PCBM respectively.[97,98,141,142] A finer morphology, i.e. less 
developed phase-separated domain structure, was observed in films spin-coated 
from chlorobenzene solutions compared to toluene solutions.[141,143] This was 
attributed to a higher solubility of both the blend components in 
chlorobenzene.[144] A change to o-dichlorobenzene resulted in an even finer blend 
morphology[142] The influence of the initial concentration of the spin-coating 
solution and of the MDMO-PPV:PCBM blend ratio has also been studied[97,143] as 
well as the effects of post-production annealing. [144] The latter resulted in the 
formation of large PCBM crystals in the blend film. For solar cells based on blends 
of P3HT:PCBM, post production annealing has been reported to improve device 
performance. This is attributed to a higher degree of ordering of both the P3HT 
and PCBM.[99,145,146] The ordering improve the transport properties of the film and 
as a result higher efficiencies are obtained.[147-149] Recent reports suggest that 
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similar ordering can be obtained by slowing down the solvent evaporation during 
spin-coating,[16-18,150,151] rendering the annealing step unnecessary.  
 
The effect of the solvent evaporation rate on the morphology of 
polyfluorene/PCBM blends has been studied in a report by Nilsson et al.[117] It was 
observed that a lateral phase separated domain structure was favoured by rapid 
solvent evaporation together with a strong polymer-PCBM repulsion (larger 
positive values of the interaction parameter), while homogenous blend film 
morphologies were favoured by slower solvent evaporation and weak polymer-
PCBM repulsion. The latter case was explained by the formation of nano-sized 
aggregates or crystals of PCBM which can be dispersed in the polymer matrix. This 
is the opposite behaviour to what is commonly observed in polymer-polymer 
blends. In blends of polyfluorene co-polymers, for example, it has been observed 
that an increase in the solvent evaporation rate, obtained by heating the substrate, 
resulted in finer blend morphology.[38] In another polyfluorene co-polymer blend, 
surface directed spinodal decomposition has been observed, with the low surface 
energy blend component enriched at the free surface with air, in blends spin-
coated from toluene, while the same blend spin-coated from chloroform (i.e. with 
a faster evaporation rate) showed no measurable surface segregation.[152]  
 
In the work included in this thesis, the influence of blend ratio, spin-coating 
solvent, and specific substrate interactions on the morphology has been studied. A 
short summary of the results of these studies is given in chapter 8.  
 
 
5.3.1 Determination o  the morphology f
To study the morphology of thin polymer blend films a variety of different 
experimental techniques and methods are available. A commonly used technique 
for imaging the surface topography of the blend thin films is atomic force 
microscope (AFM). This is one of the main experimental techniques that have 
been used in the work presented in this thesis and will be described in more detail 
in chapter 6. Other types of microscopy that have been used for morphology 
analysis are Kelvin probe force microscopy (KFM),[153,154] scanning near field 
optical microscopy (SNOM),[155,156] scanning electron microscopy (SEM),[97,143,157] 
transmission electron microscopy (TEM),[144,158-160] and scanning transmission x-ray 
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microscopy (STXM).[161,162] Chemical analysis of polymer blend composition at the 
film surface can for example be obtained by photoelectron spectroscopy.[77,134] In 
the scope of this thesis, x-ray photoemission spectroscopy (XPS) has been used to 
verify a specific interaction between the polymer APFO-3 and gold (see paper III). 
Auger electron spectroscopy and static secondary ion mass spectrometry (SIMS) 
are two other techniques for analysing the chemical composition.  
Structural properties of the blend films, e.g. crystallinity, can be studied by X-ray 
diffraction (XRD).[17,146] For information on the vertical (in depth) morphology, 
nuclear reaction analysis (NRA)[152] or cross sections analysis with microscopy 
techniques, e.g. SEM, can be used. Depth profiling of the chemical composition 
can be obtained by ion sputtering in combination with Auger electron 
spectroscopy[163] or by dynamic secondary ion mass spectrometry (SIMS).[164,165] 
For example, dynamic SIMS has been used to analyse both the diffusion of 
aluminium and indium from the electrodes (Al and ITO) into the polymer film,[164] 
and the spatial distribution of the blend components in the active layer.[165] In the 
work presented in this thesis dynamic SIMS is the other main technique used and a 
detailed description of the technique can be found in chapter 7.  
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Chapter 6 
Atomic force microscopy 
  
Atomic force microscopy (AFM) is a scanning probe technique developed for 
high-resolution surface topography measurements of insulators by Binnig and co-
workers in 1986.[166] Binnig had together with Rohrer earlier developed the 
scanning tunnelling microscope (STM)[167] for the study of metallic and 
semiconducting surfaces. Both techniques are based on the detection of 
interactions between a very sharp tip and the sample surface.[168,169] Today, the 
techniques are commonly used as surface characterization tools for a variety of 
materials ranging from metals and semiconductors to soft polymers and bio-
molecules. 
For STM the tunnelling current between the tip and the sample is measured, which 
limits the use of the technique on insulating materials. For AFM it is the repulsive 
or attractive forces between the tip and sample at close distance that are detected. 
These forces exist between all atoms and molecules and can be detected on the 
basis of the deflection cantilever-type spring with the tip attached in one end. It is 
also possible to probe the forces by oscillating the tip and cantilever above the 
surface and measure the damping of the vibration amplitude and the shift in 
resonance frequency. The first case is known as contact mode AFM and the latter 
either as non-contact mode or tapping mode. It is also possible to detect long-
range forces and interactions, such as electrostatic or magnetic forces, by scanning 
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special kinds of tips at a certain distance above the sample surface at which the 
influence of short-range forces is negligible.   
 
 
6.1 Tip-sample interactions 
 
The potential energy of interaction between two molecules (electrically neutral and 
non-magnetic) at a distance of one to tens of nm is dominated by van der Waals 
interactions which consist of three different components:[168,170] 

 
• Polarization, which is the interaction between two molecules with 

permanent dipoles or multipoles 
• Induction, which refers to induced dipoles from the interaction between 

one polar and one neutral molecule. 
• Dispersion, which is the interaction between two non-polar molecules. 

 
The dispersion interaction arises from instantaneous fluctuations of the positions 
of electrons due to transient dipoles that exist in all molecules. This interaction is 
also known as the London interaction for Fritz London who was the first to 
describe it. The total van der Waals potential between two atoms or molecules is 
the sum over the three contributions. However, a reasonable approximation is 
generally that the dispersion interaction is dominant and that the van der Waals 
potential between two atoms is:[171]  
 

6r
CU vdw −=  (6.1) 

 
where C is a molecule dependent coefficient, known as the London coefficient.  
 
The van der Waals potential gives rise to an attractive force between atoms and 
molecules. For closed shell atoms (i.e. noble gases) and many organic molecules 
the attractive van der Waals forces are the dominating interaction force responsible 
for holding together a solid.[172] When the atoms come too close the electronic 
charge distribution of the atoms overlap, resulting in a Columbic repulsion force, 
which prevents the complete collapse of matter into nuclear densities.[171] At short 
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distances, i.e. a few Ångström, this repulsive force becomes much larger than the 
attraction from the van der Waals potential. A common approximation of the 
repulsive potential is that it is inversely proportional to a high power of r.[170]  
 

nrep r
BU =  (6.2) 

 
The high power n is usually chosen as 12, but the general requirement is that it 
should be larger than 6. The total interaction potential between two atoms is then 
given by the so called Lennard-Jones (12,6)-potential, Figure 6.1.[171] 
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Figure 6.1: Lennard-Jones (12,6)-potential, equation 6.3. 

 
 
The parameters ε and r0 give the depth of the potential well and the distance for 
which U=0 respectively. Both are material dependent and can be derived from the 
coefficients C and B (in equations 6.1 and 6.2).[171] 
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In AFM measurements the probe is subjected to both the attractive and repulsive 
forces arising from the potential between the probe tip and the surface. Depending 
on which operating mode is used different forces or force gradients are probed. In 
contact mode the tip is very close to the surface (contact) and the repulsive forces 
are dominant while in non-contact mode the tip is scanned above the surface 
probing the attractive van der Waals forces. This will be addressed further in 
section 6.3. At longer distance the attractive van der Waals force decays rapidly and 
instead long-range interactions, such as electrostatic attraction or repulsion, and 
magnetic interactions, become significant.[168] These forces are also possible to 
detect with AFM in more specialized modes.   
 
 
6.2 Instrumental set up 
 
The main components of an atomic force microscope are shown in Figure 6.2 and 
consist of:[169] 
 

• A piezoelectric ceramic scanner, which moves either the tip and/or the 
sample in x, y and z directions. 

• The probe i.e. the tip and cantilever 
• A detector system, commonly a laser beam reflected on the back of the 

cantilever and a position sensitive photodetector. 
• Feedback electronics, which use the detector signal to adjust the vertical 

position or the oscillation of the tip.      
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Figure 6.2: Schematic image of the main components in AFM. 

 
 
In this study a multimode atomic force microscope (Veeco/Digital Instruments, 
NanoScope IIIa) was used both in contact mode for thickness measurements, and 
in tapping mode for imaging the surface topography. Two tube scanners, with scan 
range of 10 x 10 µm and 125 x 125 µm respectively, were used. For the contact 
mode measurements pyramidal Si3N4 tips attached to a V-shaped cantilever were 
used, while for the morphological measurements with tapping mode Si tips with a 
radius of curvature of ~10 nm on rectangular beam cantilevers were used. To 
avoid mechanical vibrations an active anti-vibration stage (MOD-1M plus, 
Halcyonics) was used.    
 
 
6.2.1 Scanner 
The most commonly used scanner is a hollow-tube scanner.[168] It consists of a 
tube of a piezoelectric material which is coated with a thin metal electrode on both 
the inner and outer surface.[170] The electrode on the outer surface is separated into 
four isolated segments. Vertical motion of the scanner is controlled by a voltage 
applied between the inner and outer electrodes. For lateral motion a voltage is 
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applied over the oppositely located outer electrodes resulting in a bending of the 
tube. The choice of piezoelectric material and the dimensions of the tube 
determine the scan range of the scanner.[168] 
  
 
6.2.2 Force probes 
The force probe consists of a sharp tip mounted on a cantilever. The cantilever act 
as a spring with a deflection following Hooke’s law[170]  
 

zcF ∆=  (6.5) 

 
where F is the force, c is the spring constant and ∆z is the deflection. To obtain as 
large a deflection as possible for the small forces acting between the tip and the 
sample a soft cantilever, i.e. a small spring constant, is required. It is also necessary 
that the cantilever should have a high resonant frequency so to minimize the 
sensitivity to mechanical vibrations. The relation between the spring constant and 
the resonant frequency is given by:[168] 
 

effm
c

=0ω  (6.6) 

 
where meff is the effective mass of the cantilever. This must be small if both the 
above mentioned requirements should be met, i.e. a small spring constant and a 
high resonant frequency. This also implies that the dimensions of the cantilever 
need to be small. 
 
Commonly AFM probes are made using photolithography techniques and 
common materials are silicon oxide, silicon nitride, or pure silicon.[168] They are 
commercially available in a range of varieties with e.g. different spring constants 
and different shapes of the cantilever. For example V shaped cantilevers are 
suitable for contact mode measurements since they have a larger lateral stiffness 
which reduces their sensitivity to lateral forces (i.e. friction),[170] while rectangular 
beam cantilevers are commonly used for tapping and non-contact mode AFM. The 
tips are usually integrated on the cantilevers and are made out of the same material. 
The shape can be either conical or pyramidal and the sharpness is usually given by 
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a radius of curvature. The sidewall angles and length of the tip will influence the 
AFM resolution, especially when measuring steep slopes or the depth of deep 
trenches and pits on the surface.[168] The back of the cantilever is often coated with 
a reflective metal, commonly Au or Al, to improve the reflection of the laser 
light.[170]  
 
 
6.2.3 Detection 
For detecting the deflection of the cantilever, a technique with sub-Ångström 
resolution is needed. It is also required that the detection technique should be easy 
to implement and have a negligible influence on the cantilever deflection itself.[170] 
The first detection method, applied by Binnig et al in 1986, was based on electron 
tunnelling from the rear side of the cantilever to a STM tip.[166] Today, however, 
detection is commonly based on optical methods, and the most common is the 
laser beam deflection method.[170] This method uses a laser light that is reflected 
off the back of the cantilever and detected by a position sensitive detector, usually 
a four-segment photodiode. The vertical and lateral motions of the cantilever are 
determined by adding and subtracting (in different combinations) the signals from 
the four segments (quadrants).[168] The laser only exerts negligible forces on the 
cantilever and it is less sensitive to surface roughness and contamination of the 
cantilever compared to detection with a STM tip.[170] The only requirement is that 
the cantilever should be large enough to avoid diffraction of the light, and that it 
needs to have a mirror like surface. The detection method is applicable for both 
contact and non-contact modes of operation.  
 
 
6.3 Operation modes 
 
6.3.1 Contact mode 
In contact mode the tip is “touching” or placed within only a few Ångström of the 
sample surface. The tip can be said to be in contact with the sample. In this mode 
it is primarily the atomic short-range repulsive forces that are probed and a 
topographic image of the sample surface is obtained on basis of the cantilever 
deflection.[170] Commonly this is done by keeping a constant deflection of the 
cantilever, associated with a constant force, using the feedback electronics to vary 
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the vertical position of the tip as it scans over the surface. In some cases it is the 
sample that is scanned against the probe and the sample height that is varied. The 
local force between the outermost atoms of the tip and the sample can be strong 
enough for local deformation of the sample, especially for softer materials such as 
polymers or biomolecules.[169,170] Also, the scanning motion of the tip may give rise 
to high lateral forces, which can also be damaging for soft samples. For harder 
samples it is possible to measure these lateral forces by detecting the torsion of the 
cantilever, resulting in information about the nano-scale frictional forces between 
the tip and sample.[170] 
 
 
6.3.2 Non-contact mode  
To avoid damaging soft samples non-contact mode can be used. In this mode the 
tip is at a distance of a few nm to tens of nm from the sample surface and it is the 
attractive van der Waals force that is probed.[170] The magnitude of this force is 
smaller than for the repulsive force probed in contact mode and it was early 
discovered that by oscillating the tip (and cantilever) and detecting the vibrational 
characteristics, a more sensitive measurement method was obtained.[166] The 
oscillating tip is then subject to a force gradient in the attractive regime, which has 
the effect of damping the amplitude and shifting the resonant frequency of the 
cantilever. The feedback control can then be used to vary the vertical position of 
the tip so the amplitude of the oscillation at a particular frequency is kept constant, 
resulting in a height image analogous to the image from a constant force scan in 
contact mode.[170]   
It is also possible to image the sample surface based on the phase or frequency 
shift using a lock-in amplifier. By mapping the change of phase, an image of a 
variety of interaction forces is obtained, a so called phase image.[168] 
 
 
6.3.3 Tapping mode 
Tapping mode AFM is a technique also known as intermittent contact mode. In 
this mode the tip and cantilever is also oscillated but with a larger amplitude than 
for non-contact mode so that the tip comes in intermittent contact (tapping) with 
the sample surface. This requires rigid cantilevers (ω0 300-400 kHz) with high 
operating amplitudes (10-100 nm).[169] The method was developed for ambient 
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conditions in which a contaminant overlayer of adsorbed molecules from the 
surrounding air may be present on the sample surface. Tapping mode allows the 
tip to penetrate through this overlayer, measuring the repulsive short-range forces 
at the intermittent contact point. At the same time lateral forces is reduced and soft 
samples may be analysed with less damage compared to contact mode. Similar to 
non-contact mode, the damping of the amplitude and/or the shift in phase can be 
used as the feedback signal resulting in height and phase images respectively.  
 
Tapping mode AFM is widely used for imaging the surface of polymer films. In 
polymer blends, phase-separated lateral domain structures may give rise to a 
contrast in the phase image.[173]  
 
 
6.4 Image analysis 
 
The AFM software includes tools for image analysis, some of which have been 
used in this study: step height, roughness and grain size analysis.
 
The step height function was used to analyse the thickness of the spin-coated 
polymer films. A scratch was made in the film with sharp metal tweezers and 
imaged by contact mode AFM. The step height function then allows a reference 
line to be drawn parallel to the scratch and an average height profile is obtained 
perpendicular to this line (see Figure 6.3). Cursors are then set at each region (step) 
and the vertical distance between these cursors is measured. It is also possible to 
use the cursors to level the image before measuring the step height. 
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Figure 6.3: The Step height function window. The step height is obtained as the difference between the 
average heights of the two regions defined by the cursor pair at each side of the step.  

 
 
Statistical data of the surface roughness is provided by the roughness analysis 
function. One parameter that may be used to compare the roughness of different 
images is the RMS roughness value. RMS is the root mean square average of the 
height deviations (Zi) taken from the mean data plane. 
 

n
Z

RMS i∑=
2

 (6.7) 

 
In images with domains protruding from the surface, the grain size analysis may be 
used to obtain the average area of the domains. The grains are defined as adjacent 
pixels with a height larger than the threshold height set by the user. A zoom 
function may additionally be used to recalculate the average area for selected range 
of domains, excluding the smallest and/or largest domains.     
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Chapter 7 
Secondary ion mass spectrometry 
 
When a surface is subjected to a primary ion beam of a few keV, the incident ions 
transfer energy to the sample through cascades of two-body collisions.[174,175] A 
part of the momentum within the cascade may be directed towards the surface and 
provide enough energy for atoms or molecules to be ejected from the top surface 
layers, so-called ion-induced sputtering. A small fraction of the ejected particles 
may be charged and are consequently called secondary ions. In secondary ion mass 
spectrometry (SIMS) these secondary ions are analysed by a mass spectrometer 
with respect to their mass to charge ratio, to determine the chemical composition 
of the sample surface.  
 
There are three analytical modes for SIMS:[176] 
  

i) Static SIMS 
ii) Dynamic SIMS 
iii) Imaging SIMS  

 
Static SIMS is used to study the chemical composition of the top monolayer of the 
surface and requires low primary ion doses. The result is usually displayed in a 
mass spectrum acquired by scanning the spectrometer over a range of secondary 
ion masses while collecting the ion intensities. In dynamic SIMS higher primary ion 
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doses are used and the intensities of selected mass to charge ratios are monitored 
as a function of the sputter time, providing a depth profile of the composition. The 
primary ion beam will as before eject secondary ions from the top surface to be 
analysed but also sputter the sample and continuously expose a fresh surface to be 
analysed. To obtain reasonable sputtering times the primary ion beam current has 
to be higher for dynamic SIMS compared to static SIMS. The secondary ion 
masses and intensities can also be displayed as a function of position while 
scanning the sample surface, Imaging SIMS. The image is obtained by letting the 
output from the secondary ion detector modulate the electron beam of a 
synchronised CRT (cathode-ray tube) and be stored as a digital image.    
 
 

7.1 Secondary ions 
 
The main difficulty with SIMS is to achieve quantitative data because of the large 
variation in detection sensitivity between different elements. The number of 
secondary atoms of a given element that are detected by the spectrometer per 
incident primary ion depends on several parameters:[176]  
 

- the primary ion beam density (ions per cm2)  
- the sputter yield of atoms of the given element per incident ion 
- the surface concentration of the given element (atoms per cm2) 
- the cross-section for ionisation of a sputtered atom of the given element 
- the probability that the ion survives in its ionised state to be detected 
- the transmission of the mass spectrometer for the given element 

 
The secondary ions have a distribution both in energy and ejection angle and the 
acceptance width for energy and angle of the mass spectrometer will also influence 
the yield of the detected secondary ions.  
 
As mentioned above, the different analytical modes of SIMS require different 
primary ion beam densities. By using very low beam densities (~1 nA cm-2) only 
the topmost layer is sputtered during the analysis in static SIMS. In dynamic SIMS 
primary ion beam densities of 0.1-10 mA cm-2 are typically used to achieve 
reasonable sputtering times. In all cases the beam density should be such that the 
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collision cascades created in the sample do not overlap so that a linear relation 
between the secondary ion signal and the primary ion beam is obtained.  
 
The sputter yield can be measured for a pure element[175] or theoretically calculated 
for smooth amorphous samples.[176] The yield can then be used to evaluate the 
sputter rate in dynamic SIMS to obtain a relation between the sputtering time and 
depth scales. In compound samples the sputter yield of a given element is, 
however, affected by matrix effects and in polycrystalline materials the yield is 
sensitive to grain orientation.  
 
The measured surface concentrations of a compound sample differ significantly 
from the real concentrations due to preferential sputtering, if the probabilities of 
sputtering atoms of the different elements are very different. The surface 
concentrations may also change during measurement through the irradiation by the 
primary ion beam, either by ion implantation or ion-induced effects such as 
segregation, diffusion or mixing. These processes may complicate the 
determination of the chemical composition both at the surface and in the bulk. 
 
The cross-section of ionisation can also be expressed as the probability that an 
atom of the given element will be ejected in its ionised state and depends on the 
work function of the surface and the choice of primary ions. The transmission of 
the mass spectrometer is different for different types of spectrometers, which will 
be discussed in the instrumentation section below. 
 
 
7.2 Instrumentation 
 
SIMS measurements are performed in high vacuum (HV) systems and the 
instrumental set up consists of a primary ion source followed by primary ion optics 
to focus and transfer the beam to the sample and a mass filter to remove beam 
contaminations. The secondary ions are then extracted by an electric field, 
determining whether positive or negative ions are to be detected, into an energy 
analyser (i.e. an energy filter) before entering the mass spectrometer. The mass 
filter in the spectrometer is followed by a detector system for the secondary ion 
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intensities, i.e. a conversion electrode in which the ions induce secondary electron 
emission which is amplified with an electron multiplier.   
  
 
7.2.1 Primary ion source 
There are three main types of primary ion sources commonly used for SIMS, the 
electron impact, the surface ionisation and the liquid-metal field emission 
sources.[177] The ion source used in this study was a liquid-metal ion gun (from 
FEI) providing a primary ion beam of Ga+. In this type of source the metal is 
heated until liquid and then supplied over a sharp tip. A high electric field between 
the tip and an extraction electrode in front of it results in field ion emission of 
positively charged metal ions that can be extracted into an ion beam with a very 
high brightness (~106 A m-2 sr-1). The energy spread depends on the extracted 
current and is relatively large, between 5 and 35 eV. This will allow beam diameters 
of less than 50 nm for nA currents which makes liquid-metal ion sources highly 
suitable for imaging SIMS.[176]  
 
 
7.2.2 Mass spectrometer  
The mass spectrometer used in this study was a quadrupole (from Balzer) with a 
cylindrical energy filter. A quadrupole mass filter consists of a bundle of four 
electrically conducting circular rods. The rods are connected in opposite pairs to a 
combination of a dc and rf voltage. The applied potential is the same for the two 
pairs except for the sign. The secondary ions will enter the analyser in the centre of 
the bundle and there undergo transverse motion leading to oscillatory trajectories. 
Only ions of a certain mass to charge ratio, M/Z (where Z is the ion charge q 
divided by the electronic charge e), will have a stable trajectory and be transmitted 
through the analyser. Ions with different M/Z ratios will collide with the rods due 
to unstable trajectories. For a given set of dc and rf potentials only one M/Z ratio 
will pass through the quadrupole so different elements have to be analysed one 
after another. The quadrupole has a low transmission in the order of 1% and the 
mass resolution M/∆M is usually around 1000. Both transmission and mass 
resolution can be increased by using rods with larger diameters.[176,177] 
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7.3 Depth profiling by dynamic SIMS 
 
SIMS measurements have an excellent sensitivity (ppb-ppm) for most elements 
and a high mass resolution, depending on the spectrometer system, that makes it 
possible to distinguish different isotopes of the same element.[176] This combined 
with the depth resolution of sputter profiling makes dynamic SIMS an excellent 
technique for compositional depth profiling. The main problems with dynamic 
SIMS are to establish accurate depth and concentration scales.  
 
The depth scale can be obtained either by calculation of the sputter rate from the 
sputter yield or by measuring the depth of the sputtered crater or sputtering a thin 
film of known thickness. As mentioned above the sputter yield may be calculated 
for pure elements but is difficult to obtain for multicomponent samples. When 
relating the sputter rate to the crater depth care should be taken to the fact that the 
sputter rate may be different for the first few atomic layers due to irradiation 
effects. 
 
A correct concentration scale for SIMS measurements is very difficult to obtain 
because of the different detection sensitivities for different elements but also for 
the same element in different compounds and the many parameters that control 
this sensitivity (see section 7.2). Semi-quantitative analysis can be made by using 
well defined standards.  
 
The depth resolution in sputtering profiles is usually very high and depends mostly 
on the instrumental set up but also on various ion sputtering surface and bulk 
effects. The resolution is generally expressed as the measured width of a sharp 
interface between two different layers, defined as the interval where the intensity 
drops from 84% to 16%. One important factor that strongly influences the depth 
resolution is the flatness of the crater bottom. A flat crater bottom is usually 
obtained by scanning the ion beam. To avoid analysing the crater edges electronic 
gating can be used so that only the signal from the central part of the crater is 
analysed. Neutrals that may be formed within the primary ion beam can affect the 
uniformity of the crater and also generate secondary ions outside the raster gating. 
This problem can be eliminated by including a 1° bend followed by slits in the 
primary ion beam optics, which will reject neutrals from the beam. The primary ion 
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beam may also contain contaminations from the interaction with residual gas in the 
HV system. The optimal depth resolution will ultimately be determined by the 
information depth which is given by the minimum sputtered volume required for 
detecting a certain element. 
 
Sputtering may induce surface roughness and thus decrease the depth resolution, 
especially for polycrystalline metals for which the sputter rate depends on the grain 
orientation or if preferential sputtering occurs. For nearly all conditions the 
roughening increases with higher ion doses. Bulk effects that may affect the depth 
resolution are ion-induced atomic mixing and radiation-enhanced thermal diffusion 
and segregation. Ion-induced mixing will smooth the profile over rapid 
concentration changes and also move peaks towards the surface with respect to 
their original positions. For insulating samples, sputtering may also cause charging 
of the surface. This is usually overcome by using thin samples, low ion current 
densities, by flooding the sample with electrons or by covering the sample with a 
thin conducting layer of i.e. gold. 
 
 
7.4 Applications on polymer blends 
 
Secondary ion mass spectrometry has long been used for the analysis of inorganic 
materials.[177] The application of the technique to polymers is however increasing 
and includes both surface characterization by static and imaging SIMS as well as 
depth concentration profiling by dynamic SIMS.[178-181] Recently dynamic and 
imaging SIMS have been combined to obtain a three-dimensional image of the 
domain structure in a thin film of a polymer blend.[182] The lateral resolution in this 
case was approximately 120 nm and the depth resolution between 20-200 nm 
depending on the secondary ion yields for the elements that are analysed.  
 
The SIMS data presented in paper 2 in this thesis were done with a VSW apparatus 
at the Faculty of Physics and Applied Computer Science, AGH- University of 
Science and Technology in Krakow, Poland. 
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Chapter 8 
Summary of the papers 
 
Paper I 
In this paper the topography of films of different co-polymers of polyfluorene 
blended with PCBM was analysed. The same total concentration, solvent and 
blend ratios were used for all the blends. The results show that the chemical 
structure of the co-polymer has a large influence on the surface domain structure. 
This indicates that there are differences in the chemical interactions between the 
three components: polymer, PCBM and solvent, for the various co-polymers. For 
the systems that formed lateral domains a clear correlation between domain size 
and the polymer/PCBM blend ratio was observed.  However, for two of the co-
polymers, F8BT and LBPF5 (in the following papers this polymer is named 
APFO-3), the surface was relatively smooth, even with increasing fraction of 
PCBM, which indicates a more homogenous blend.  
 
 
Paper II 
In this paper secondary ion mass spectrometry (SIMS) was used for analysing the 
chemical composition of APFO-3:PCBM blend thin films as a function of depth. 
Nitrogen in the form of CN- and sulphur as S- were used as labels for detecting the 
polymer. Unfortunately PCBM could not be identified convincingly since it had no 
suitable label. Oxygen was not sufficiently selective, since the overall oxygen signal 
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was too large. The results revealed that APFO-3:PCBM films spin-coated from 
neat chloroform solutions are vertically phase separated and that the vertical 
structure depends on the blend ratio. In a film of the 1:1 (by weight) blend the CN- 
and S- signals were approximately constant throughout the film indicating that the 
film is a homogenous mix of polymer and PCBM. In the 1:4 (by weight) blend film 
the depth profiles of the CN- and S- signals exhibited two peaks, one at the top 
surface and one in the middle of the film, indicating a polymer-rich phase in these 
regions. There was also a clear drop in the CN- and S- signals just below the surface 
peak and close to the substrate interface, which indicates that the film is depleted 
of polymer at these depths. This was interpreted as an enrichment of PCBM at the 
substrate and in the region just below the surface region. This vertical segregation 
of the blend components was explained by their difference in surface energy. 
APFO-3 has a lower surface energy than PCBM, and will thus be attracted to the 
interface with air to lower the energy of the free surface. The higher surface energy 
component, i.e. PCBM, is more compatible with the high surface energy silicon 
substrate. The observed multilayer structure was, according to a simple model, not 
believed to be optimal for the performance of solar cells made from this blend.  
 
 

Paper III 
In this paper the influence of a change of substrate from silicon to gold on the 
vertical phase separation in thin films of APFO-3:PCBM was analysed. The SIMS 
depth profiles for the films spin-coated on the gold substrate were similar to those 
for the films on silicon. The change of substrate did not influence the enrichment 
of APFO-3 at the top surface. However, instead of a PCBM enriched layer (i.e. 
polymer depletion) at the substrate interface as on silicon, an APFO-3-enriched 
layer was observed near the gold substrate. Since gold, like silicon, is a high surface 
energy substrate, the polymer enrichment at the substrate interface was attributed 
to a specific interaction between APFO-3 and the gold substrate, which was 
confirmed by XPS measurements.  
 
 
Paper IV 
In this paper the influence of different substrates on the vertical morphology as 
well as the influence of the solvent used for spin-coating was studied. APFO-
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3:PCBM films from a 1:4 (by weight) blend solution were prepared on silicon and 
gold as well as on a PEDOT:PSS-coated ITO substrate. The SIMS depth profile 
for the film spin-coated on PEDOT:PSS-coated ITO was similar to the profile for 
the films on silicon. At the interface with PEDOT:PSS the S- signal increases while 
the CN- signal decreases which may indicate a depletion of polymer. However, the 
PEDOT:PSS layer was very thin, making the interpretation of this interface 
complicated. The influence of the spin-coating solvent on the morphology was 
studied by spin-coating APFO-3:PCBM blend thin films from solutions of 
chloroform, chlorobenzene, and mixtures of these two. A more homogeneous 
SIMS depth profile was observed for the blend spin-coated from chlorobenzene, 
compared to the multilayered structure observed for films spin-coated from 
chloroform. It was also observed that already a small addition of chlorobenzene to 
a chloroform based solution resulted in a more homogeneous depth profile. 
Additionally solar cell performance data was presented for devices with the active 
APFO-3:PCBM blend layer spin-coated from chloroform, chlorobenzene, and 
chloroform:chlorobenzene mixture solutions. The best performance was observed 
for the device with the active layer spin-coated from a 80:1 (by volume) 
chloroform:chlorobenzene solution.  
 
 
Paper V 
In this manuscript solar cells based on APFO-3 and PCBM were fabricated and 
analysed. Three different morphologies of the active layer were analysed: a diffuse 
bilayer structure, a spontaneously formed multilayer structure and a vertically 
homogeneous blend film. The bilayers were fabricated by spin-coating PCBM 
from dichloromethane on top of APFO-3. Dynamic SIMS was used to determine 
the morphology of the bilayers and of the two blend structures Identification of 
PCBM in the SIMS profiles was enabled by using deuterated PCBM. The solar cell 
data showed that the multilayer structure yields the highest energy conversion 
efficiency, despite an excess of the hole-transporting material (APFO-3) near the 
low work function metal electrode where the electrons are collected. Higher short-
circuit current and fill factor were found in these multilayer structure devices 
compared to both the devices having homogeneous blend structures and the ones 
with diffuse bilayer structures. Dark current-voltage characteristics was also 
analysed and the series and parallel resistance of devices were calculated. The 
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bilayer devices suffered from high series resistance, while the homogenous blend 
device was relatively leaky. It was proposed that the multilayer structure, where the 
layer thicknesses of the APFO-3-rich and PCBM-rich phases approach the exciton 
diffusion length, could be an electrically favourable structure both for promoting 
charge separation and for reducing charge recombination. 
 
 
Conclusion and Future Outlook 
The results presented in the papers show that the morphology of APFO-3:PCBM 
spin-coated blend films depends on the difference in surface energy between the 
blend components and the choice of spin-coating solvent. Surface-directed 
spinodal decomposition leads to the spontaneous formation of a vertically phase 
separated structure when spin-coating the blend from a chloroform, i.e. a fast 
evaporating solvent, solution. These results may, in the future, be used to predict 
the morphology for other polymer:PCBM blends. 
 
The connection between the morphology and the performance of solar cells is 
mainly studied in paper V. The results in this manuscript show that despite the 
enrichment of the hole conductor APFO-3 at the interface with the electron-
collecting Al-electrode, the spontaneously formed multilayered structures yield 
relatively high efficiencies in solar cells. Further studies are needed to understand 
the exact mechanisms for charge transport in such a device. Since the results in 
paper III and IV show that the APFO-3 enrichment at the free-surface of the spin-
coated film only depends on the solvent and is independent of the choice of 
substrate, inverted device structures for which the hole-collecting electrode is 
deposited on the top of the active layer would be an interesting alternative device 
structure to study in future work. Also, the bilayer device structures should be 
optimized regarding the thickness of each layer. An attractive possibility is to spin-
coat PCBM on top of a blend layer, which could increase the charge mobility in the 
bottom layer resulting in a reduced series resistance in the devices. 
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Thin films of polyfluorene:

fullerene blends

The sun provides us daily with large quantities of energy in the form of light. With the 
world’s increasing demand of electrical energy the prospect of converting this solar light 
into electricity is highly tempting. In the strive towards mass-production and low cost 
solar cells, new types of solar cells are being developed, for example solar cells completely 
based on organic molecules and polymers. These materials offer a promising potential of 
low cost and large scale manufacturing and have the additional advantage that they can 
be produced on flexible and light weight substrate which opens for new and innovating 
application areas. 

In polymer solar cells a combination of two materials are used, an electron donor and an 
electron acceptor. The three dimensional distribution of the donor and acceptor in the 
active layer of the solar cell, i.e. the morphology, is known to have a large influence of the 
device performance. In this thesis, results from morphology studies of spin-coated blend 
and bilayer thin films of polyfluorene co-polymers, mainly poly[(9,9-dioctylfluorenyl-
2,7-diyl)-co-5,5-(4´,7´-di-2-thienyl-2´,1´,3´-benzothiadiazole)] APFO-3, and the fullerene 
derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) are presented. It is shown 
that by varying the blend ratio, the spin-coating solvent, and/or the substrate, different 
morphologies can be obtained. The connection between these different morphologies 
and the performance of solar cells is analysed.




