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Abstract 
 
The formation of thin films of polymer blends by spin-coating from solution is 
characterised by rapid solvent quenching, a process that results in non-
equilibrium morphologies.  Thin films of conjugated polymer blends are used 
as the active material in polymer solar cells, where the optimal morphology is a 
trade-off between sometimes conflicting criteria for the various steps of the 
energy conversion process. Efficient dissociation of the exciton into separate 
charges at the interface between the two blend components requires a large 
interface and therefore an intimate mixing, while efficient charge transport and 
collection at the electrodes require continuous paths for the charges in each of 
the components.  
In this thesis results from morphology studies are presented for spin-coated 
thin films of polyfluorenes and co-polymers of polyfluorene blended with the 
fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM). The 
surface morphology was investigated by atomic force microscopy (AFM) and 
was found to depend on the blend ratio as well as the chemical structure of the 
blend components. The spin speed, which determines the thickness of the spin-
coated thin films, was also found to influence the morphology. Secondary ion 
mass spectrometry (SIMS) was used for depth profiling of the chemical 
composition in thin films of poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-5,5-(4´,7´-di-
2-thienyl-2´,1´,3´-benzothiadiazole)] (LBPF5) blended with PCBM. The films 
were found to be vertically phase separated with a four-fold multilayered 
structure.  
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Chapter 1 
Introduction  

 
The sun provides us daily with large quantities of energy in the form of light 
and with the worlds 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.[1] Photovoltaic devices are generally layered structures with 
an active layer or material sandwiched between two electrodes. The active 
material needs to be 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. The size 
of the band gap determines the conductivity of a material. Semiconductors have 
an intermediate band gap typically of a few eV and when they absorb light an 
electron can be excited from the valence band to the conduction band creating 
an electron-hole pair, an exciton. In solar cell devices the exciton is then 
dissociated and the charges are separated by an electrical field (internal or 
external) and transported to the electrodes to produce a current. 
 
Traditional solar cells are made from inorganic semiconducting materials, such 
as silicon (Si), gallium arsenide (GaAs), cadmium telluride (CdTe) or copper 
indium (gallium) diselenide (CIGS).[1,2] These types of solar cell can be 
described as a semiconductor pn-junction in which two doped regions, one 
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with excess of holes (p-type) and another with excess of electrons (n-type), are 
brought into contact with each other (see Figure 1.1). Charge carriers will then 
diffuse over the interface between the two regions creating a space charge 
region and an internal electric field in the direction from n to p. This internal 
electrical field is sufficient to separate the photo-generated charges and produce 
a photo-current. Silicon solar cells dominate the market and have power 
conversion efficiencies (ratio of output electrical power to incident optical 
power) between 8 and 24%, depending on the quality of the silicon. 
Monocrystalline silicon cells has the highest efficiency (24%) but are also the 
most expensive to produce. Polycrystalline cells have a somewhat lower 
efficiency of about 17% and are less expensive. Silicon may also be deposited as 
an amorphous thin film on glass by chemical vapour deposition (CVD). Solar 
cells from amorphous silicon are relatively inexpensive to produce but have low 
efficiencies compared to crystalline cells, only about 8%. 

 

 
Figure 1.1: A schematic image of a pn junction solar cell 

   
 
Another type of solar cells are the photoelectrochemical cells based on a 
semiconductor in contact with an electrolyte.[3] A special kind of this type of 
solar cells is known as Grätzel cells or dye-sensitised solar cells. These consist 
of a porous film of a semiconducting oxide, i.e. titanium dioxide (TiO2), 
covered with a monolayer of a chemisorbed dye molecule to improve the 
absorption of incident solar light in the visible region. The pores are filled with 
a liquid electrolyte that acts as the medium for hole transport. Since the 
semiconductor particles are very small, there can be no space-charge layer in the 
particle at the interface with the electrolyte and thus there is no electrical field 
of the kind described earlier for the pn-junction for separating the charges. 
However, the charges do separate and it is suggested that a built-in potential 
difference is responsible for the dissociation of the exciton. The highest power 
conversion efficiencies reached for this type of dye-sensitized 

p nElectric 
field 

Space-charge region

hν 
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photelectrocemical cells with nanostructured materials, are today around 10%. 
The concept is promising but so far commercial applications are limited due to 
the fast degradation occurring in the solar cells.[1] The cells are sensitive to air 
and water and needs to be encapsulated with sealing materials that have 
excellent barrier properties and good chemical stability in contact with the 
liquid electrolyte.[4] Some of these manufacturing problems may be avoided by 
replacing the liquid electrolyte with a solid charge-transport material, for 
example an amorphous organic hole-transport material.[5] 
 
During the past few years a lot of research has been devoted to making solar 
cells from organic materials. The electronic structure of organic molecules is 
different compared to the electronic structure of inorganic materials and most 
organic materials are insulators i.e. the electrons are tightly bound in covalent σ-
bonds and require large amounts of energy to excite.[6] However, in molecules 
with double bonds molecular π-orbitals forming the second bond can be 
considered as partly delocalised with less tightly bound electrons that may be 
excited into the anti-bonding π*-orbitals. The energy gap for the π to π* 
transition or with other words between the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) can be 
compared to the band gap between the valence band and conduction band in 
inorganic solids. Conjugated molecules are molecules that have alternating 
single and double bonds with overlapping π-orbitals. Some of the conjugated 
molecules have energy gaps between HOMO and LUMO in the same range as 
inorganic semiconductors. Such materials may be candidates for optoelectronic 
applications and include both small molecules and polymers. Photogenerated 
excitons created in organic electronic materials are more strongly bound (more 
localised) than excitons in crystalline solids and do not spontaneously 
dissociate. The power conversion efficiencies for organic solar cells based on 
single materials are thus very low. This problem was solved by using two 
materials with different electron affinities, one material with preference for 
conducting electrons (electron acceptor) and the other material with preference 
for conducting holes (electron donor).[7,8] A driving force (a built-in potential) 
for dissociation of the excitons is then created at the interface between the two 
materials by their difference in LUMO position. The electron acceptor is 
sometimes referred to as an n-type semiconductor and the electron donor as p-
type semiconductor. 
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The power conversion efficiencies obtained for organic solar cells are so far 
relatively low. Power conversion efficiency of 3,5%[9] has been reported for 
polymer solar cells. However, it is a young field of research and a lot of efforts 
are made to improve the performance of organic solar cells. In the field of 
polymer photovoltaics researchers are synthesising new polymers and working 
with improving the device structure and the manufacturing process as well as 
studying the underlying physical processes of photocurrent generation, charge 
separation and transport.[10]  
 
The work presented in this thesis concerns solar cells from polymer blends and 
is part of a network project in the National Graduate School of Material 
Science which consists of four nodes, two at Chalmers University of 
Technology, one at Linköping University and one at Karlstad University. The 
two nodes at Chalmers are working with the synthesis of new low-band gap 
polymers for solar cell applications and theoretical calculations of the 
interactions between polymer chains on an electron-structural level, 
respectively. The node in Linköping is working with device production and 
characterisation. Our node here in Karlstad and the work presented in this 
thesis is focused on morphological characterisation of the active layer and on 
developing an understanding of how different parameters influence the 
morphology of spincoated thin films from blends and how the morphology 
influences the device performance. 
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Chapter 2 
Conjugated polymer solar cells 
 
Conductivity in polymers was first discovered in polyacetylene doped with 
iodine in 1977[11] and the discovery was awarded with the Nobel prize in 
Chemistry 2000[12]. Polyacetylene (see Figure 2.1) is the simplest conjugated 
polymer with the chain consisting only of alternating single and double carbon-
carbon bonds. It is usually used as a model polymer for describing the 
conjugated system.  
 

 
Figure 2.1: Polyacetylene 

 
 
Electroluminescence, the reversed photovoltaic effect, in conjugated polymers 
was first reported by Burroughes et al in 1990.[13] This discovery was the start of 
the research fields of polymer light emitting diodes (PLED:s) and polymer solar 
cells. The field of PLED:s has grown fast and the first commercial applications 
within display technology are now available.[14]  
 
Although solar cells made from conjugated polymers have not yet reached 
efficiencies that make them competitive with inorganic solar cells, the prospect 
of them doing so is promising. One advantage of using conjugated polymers 
compared to inorganic semiconductors are that they can be synthesised with a 
wide variety of properties.[7] They can also be processed under less clean 
conditions, are solution processable and with less expensive techniques 
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compared to inorganic solar cells which make them attractive from a cost point 
of view. They are also flexible and may therefore be produced on flexible or 
bendable substrates. Disadvantages are that many conjugated polymers are 
sensitive to photo-oxidation and unstable in the presence of oxygen or water. 
To reach long lifetimes, devices have to be encapsulated to protect them from 
the atmosphere. The electron and hole mobilities are usually low which affects 
the charge transport negatively.[10]     
 
 
2. 1 Device structure 
 
Just like the other solar cells described above, a polymer solar cell is a layered 
structure consisting of an active layer sandwiched between two electrodes (see 
Figure 2.2). The bottom electrode (anode) is transparent, usually indium tin 
oxide (ITO) on glass, covered with a thin film of a conducting polymer 
poly(ethylene dioxythiophene) doped with polystyrene sulphonic acid 
(PEDOT:PSS).[7] The layer of PEDOT:PSS smoothens the sometimes rough 
ITO surface and helps to prevent short-circuits due to spikes in the ITO. The 
active layer, i.e. a thin film, is usually obtained by spincoating the active 
materials from solution directly onto the ITO/PEDOT:PSS surface. The top 
electrode (cathode), typically aluminium (Al), but also calcium or magnesium, is 
then 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 mechanism of this intermediate layer and how it affects the 
device performance is still under discussion. 

 

 
Figure 2.2: The layered structure of a polymer solar cell. 

 
 

glass 
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PEDOT:PSS 

Active layer (conjugated polymer)  
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2.2 Materials  
 
As mentioned in the introduction (chapter 1) a higher energy conversion 
efficiency of the solar cell is obtained by using two materials in the active layer, 
an electron acceptor and an electron donor. Some polymers used in polymer 
solar cells are shown in Figure 2.3. These polymers are all electron donating. 
There are very few electron accepting polymers since these are highly sensitive 
to photooxidation[15]. In 1992 Sariciftci et al[16] reported about photoinduced 
electron transfer from conjugated polymers to fullerene (C60) and today 
fullerene derivatives are often used as the electron accepting material in 
polymer photovoltaics.[7] 
 

S
* *

C6H13
*

H3CO

*

O

*

*

H3CO

O

n n n

P3HT MEH-PPV MDMO-PPV  
Figure 2.3: An example of conjugated polymers used in solar cells: poly(3-hexylthiophene) (P3HT), 
poly(2-methoxy-5-(2´-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV), poly(2-methoxy-5-(3´,7´-
dimethyloctyloxy)-1,4-phenylenevinylene) (MDMO-PPV). 

        
 
Figure 2.4 shows an electron energy diagram, depicting the Fermi energy levels 
of the electrodes and the HOMO and LUMO of the electron acceptor and 
donor materials. The LUMO of the donor should be located sufficiently above 
the LUMO of the acceptor (~0.5 eV) to obtain the driving force for 
dissociation of the exciton and electron transfer between donor and acceptor.[17] 
The choice of electrodes and intermediate layers is governed by positions of the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) of the electron donor and acceptor. The Fermi level 
of the bottom hole-collecting electrode should be close to but above the 
HOMO position of the donor and at the top electron-collecting electrode the 
Fermi level should be close to but below the LUMO of the acceptor. 
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Figure 2.4: The Fermi energy of the electrodes and the HOMO and LUMO positions of the electron 
accepting and donating components. The LUMO level of the donor should be positioned above the 
LUMO of the acceptor to obtain a driving force for exciton dissociation. 

 
 

2.3 The importance of morphology 
 
The processes in the active layer of a solar cell can be divided into three steps 
 
1. Absorption of the light and creation of an exciton 
2. Dissociation of the exciton into separated charges 
3. Transport of the charges to the electrodes 
 
The absorption depends on the thickness of the active layer and on the overlap 
between the solar spectrum and the absorption spectrum of the polymer. Many 
conjugated polymers absorb in the ultraviolet to blue region but the solar light 
has its maximum photon density at wavelengths around 700 nm in the red.[18] 
This spectral mismatch limits the external quantum efficiency (EQE) which is 
the ratio of the number of electrons contributing to the external circuit current 
per incident photon. In recent years, however, low bandgap conjugated 
polymers with absorption extending into red and increased EQEs have been 
synthesized.[19-22] 

EF  

Donor

HOMO
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The photogenerated excitons have a diffusion length of about 10 nm.[10]  This 
means that there must be an interface between the electron donor and acceptor 
in close range from where the exciton is created for the exciton to dissociate. 
The positions of the bandgaps in the two components must also be fitted to 
make the charge separation possible, as mentioned above. The transport of 
charges to the electrodes is limited by the mobility of electrons and holes in the 
material, but also by the number of traps in the structure. Since the acceptor is a 
better electron transporter and the donor a better hole transporter it is 
important to have continuous phases of each of the components for the 
charges to reach the electrodes. It is also important that these continuous 
phases are located so that the electron transporting material is in contact with 
the cathode (the top electrode) and the hole transporting material is in contact 
with the anode (the bottom electrode). 
 
To balance the various processes described above, there are a few different 
ways to combine the electron donor material with the electron acceptor 
material in the active layer.  
 

- The bi-layer structure, in which the two materials are deposited in two 
separate layers 

- The bulk-heterojunction structure, in which the two materials are 
deposited simultaneously in a single layer. 

- The gradient or multilayered structure, in which the different layers have 
different concentrations of the two materials 

 
The first two component polymer solar cells where made with bi-layer 
structures, either by spincoating the layers on top of each other from different 
solvents[23] or by evaporating C60 on top of a spincoated polymer layer[24]. The 
energy conversion efficiency of a bi-layer device is, however, limited due to the 
small interface between the components which allows only the excitons that are 
created very close to the interface to be split into electron and hole pairs. To 
obtain a larger interface area the two components can be mixed in a single layer, 
so called bulk-heterojunction solar cells.[25-27] However, at the same time as the 
interface area and exciton dissociation increase, the transport of charges to the 
electrodes can be obstructed and charges may get trapped or recombine instead 
of reaching the electrodes. It is therefore of great importance to understand and 
control the factors that influence the morphology of the active layer. It has 
been shown that the morphology has strong effects on device performance.[28] 
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Both, solvent changes[29-32] and post-production treatments[9,33] have been 
reported to improve the performance of bulk-heterojunction devices. Other 
factors that may have influence on the morphology are the coating method[34] 
or annealing of the film[34,31]. Other parameters that influence the morphology 
in thin film spincoated from solution will be discussed in chapter 4. There are 
also ways to try to control the morphology by for example chemical or physical 
surface treatments of the bottom electrode.[35] The third structure, mentioned 
above, is multiple layers with different compositions of the components which 
creates a gradient structure in the active layer.[36,37] Such structures provide 
means to control the vertical structure of the film. 
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Chapter 3 
Polymer blends 
 
Blending two or more polymers with different properties is a technology 
commonly used to achieve superior material properties, for instance mechanical 
strength, flammability resistance or desired chemical, optical or electrical 
properties. A polymer can also be blended with molecular additives or inorganic 
particles to add or improve specific properties in the material, for instance dye 
particles or molecules for colour or organic softeners in latex gloves. However, 
polymers are generally immiscible. 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 immiscible polymers then 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 influences the final structure 
of thin films of polymer blends formed via spincoating will be discussed in the 
following chapter.   
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3.1 Thermodynamics 
 
In thermodynamic terms two components are said to be miscible if they form a 
single-phase system at a molecular level.[38] The main criterion for mixing is 
given in equation 1 and states that two components are miscible if the change 
in free energy is negative.  
 

0<∆−∆=∆ mixmixmix STHG  (1) 
 
Here ∆Gmix is the Gibbs free energy of mixing, ∆Hmix is the enthalpy of mixing, 
∆Smix is the entropy of mixing and T the temperature.  
 
3.1.1 Polymers in solution 
In 1942 Flory and Huggins independently introduced a model for calculating 
the enthalpy and entropy of mixing of polymers in solution.[38,39] 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 (see Figure 3.1). 

 

 
Figure 3.1: A lattice of a binary mixture of a polymer (connected black circles) and a low molecular 
mass solvent (white circles)   

 
 
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:[40,38]  
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where v1 and v2 are the volume fractions of the solvent and polymer 
respectively 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.  
 
The enthalpy of mixing can be obtained from the regular solution theory by 
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.[40] 

    

( )22111212 2
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Here ω11 and ω22 are the contact interaction energies for each component. The 
enthalpy of  mixing is then given by: 
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The first two terms represents 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 
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possible configurations of the polymer chains is accounted for and possible 
contributions from specific interactions between the solvent and the polymer 
are neglected.[40] Flory, however, modified the theory by regarding the 
interaction parameter χ12 as a free energy parameter containing, both enthalpic 
(χH) and entropic (χS) contributions defined by: 
 







−=
dT
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12χ
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dT
Td

S
12χ
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3.1.2 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 a solid compared to a liquid. 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.[38] 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. Polymer-
polymer blends are therefore immiscible in the absence of any specific 
interactions between the components. 
 
3.1.3 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.[38] If, however, the graph has two or more inflection 
points the miscibility is limited to compositions below and above 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 3.2a). 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 
3.2b). Above the binodal 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 are 
called the spinodal points and can, in the same way as the binodal points, be 
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plotted as a function of the temperature in the phase diagram making up the 
spinodal curve. The area between the binodal and spinodal curves represents a 
metastable region with limited solubility of the one component in the other. If a 
blend is quenched from a stable point in the phase diagram into the unstable 
region inside the spinodal curve the blend will decompose into domains of two 
coexisting phases, so called spinodal decomposition. 

 

 
Figure 3.2: 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)[40]    

 
 
The Flory-Huggins theory can be generalised for ternary systems i.e. a polymer-
polymer/molecule blend in solution.[41,42] 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. Each 
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apex represents one of the pure components and the stable and unstable 
regions are bordered by lines representing different temperatures.  
 
 
3.2 Solubility 
 
According to the behaviour of the polymer chain in a dispersion the solvent 
used can be classified as either good or poor.[40] In a good solvent the 
compatibility between the solvent molecules and the polymer is high and the 
polymer coil expands. In a poor solvent the compatibility is lower and there are 
less interactions between the polymer and the solvent. This restricts the 
expansion of the polymer coil. The interaction parameter χ12 from the Flory-
Huggins theory can be used to determine the compatibility between a polymer 
and a solvent but there are also other ways to determine the solubility of a 
polymer in different solvents.         
 
3.2.1 Solubility parameters 
Solubility parameters are used to compare the relative strength and 
compatibility of different solvents with a molecule or a polymer. 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.[38]  

 

V
E

CED V∆
==δ  (7) 

 
This parameter can readily be obtained for liquids using experimental data for 
the energy of vaporisation. Polymers and other large molecules degrade before 
vaporisation and the Hildebrand parameter can only be determined by indirect 
methods.  
 
Polymers and other solid substances are expected to behave in the same way in 
solvents that have the same or very similar values of the Hildebrand solubility 
parameters. There are, however, discrepancies to this, especially for polar 
substances, and the most frequently used modification of the Hildebrand 
parameter was introduced by Hansen in 1967.[43] Hansen’s total solubility 
parameter (δt), which is roughly equal to the Hildebrand parameter, is divided 
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into three components, a dispersion (δD), a polar (δP) and a hydrogen-bonding 
(δH) term.  

 
2222
HPDt δδδδ ++=   (8)      

 
For the conjugated polymers used in this thesis the solubility parameters are not 
known. Measuring the parameters requires a certain amount of the polymer not 
always available when experimenting with new and advanced polymers. 
However, the relative solubility of a polymer in different solvents can give 
qualitative trends. The Hansen and Hildebrand parameters of the solvents may 
then be compared and act as guidelines for choosing the right solvent. For 
mixed solvents the parameters can be linearly added: 
 

∑=
i

iix δδ    (9) 

 
In table 1 below the Hansen parameters for some frequently used solvents are 
listed.[43] 

 
Table 3.1 Hansen’s solubility parameters for a selection of solvents. 
Solvent Molar volume 

(cm3/mol) 
δD 
(MPa1/2) 

δP 
(MPa1/2) 

δH 
(MPa1/2) 

δt 
(MPa1/2) 

o-xylene 121,2 17,8 1,0 3,1 18,0 
chloroform 80,7 17,8 3,1 5,7 19,0 
toluene 106,8 18,0 1,4 2,0 18,2 
tetrahydrofuran 81,7 16,8 5,7 8,0 19,4 
benzene 89,4 18,4 0,0 2,0 18,6 
chlorobenzene 102,1 19,0 4,3 2,0 19,6 
o-
dichlorobenzene 

112,8 19,2 6,3 3,3 20,5 

water 18,0 15,6 16,0 42,3 47,8 
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Chapter 4 
Phase separation in spincoated thin films 
 
4.1 Spincoating 
 
Spincoating is a process for creating 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 (about 1000 to 4000 rounds per minute) and the 
spinning motion of the substrate causes the solution to spread out and form a 
thin solid film on the substrate. The process can be divided into three stages.[44] 

 

 
Figure 4.1: The stages of spincoating, 0) deposition of solution, 1) acceleration to final spin 
speed, 2) film thinning by outflow and evaporation, 3) drying by evaporation. 

 

0) 1)

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

 
During the acceleration stage (1) excess fluid (~90%) is flung 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.[45] 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 high 
throughout the whole film the flow is drastically reduced and solvent 
evaporation becomes the dominant mechanism (stage 3).  
 
4.1.1 Film thickness 
The final film thickness (hf) has been shown to be proportional to the spin 
speed (Ω) as:[44,46] 

 
5.0−Ω∝fh   (10) 

 
Increasing the spin speed increases the radial flow and in a simple model also 
increases the evaporation rate, which will result in decreasing film thickness.[46] 
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.[47] 
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 with several 
orders of magnitude as the concentration increases due to solvent evaporation 
during stage 2 of the spincoating process. The rapid increase in viscosity will 
cause the radial flow to cease. A higher initial concentration and thus a higher 
initial viscosity will reach that point earlier and result in a thicker film.      
 
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 spin speed, the conditions of the surrounding 
atmosphere (i.e. temperature, humidity) and the vapour pressure of the solvent. 
However, the evaporation of solvent will enhance the concentration of polymer 
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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 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 spincoating 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.  
 
4.1.2 Striation defects 
A common defect in spincoated films is radial lines representing thickness 
undulations, referred to as striations[48], 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. Surface tension can be described as 
the work required to expand an interface between a liquid and air.[49] This work 
is related to the attractive intermolecular forces holding together condensed 
phases (i.e. liquid and solids). Instabilities in the surface tension can be caused 
by the top surface having a larger surface tension than the solution underneath 
would have.[48] Because of the flow in the spincoating 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. A 
temperature gradient can from cooling effects on the top surface when the 
solvent evaporates. 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. 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 spincoating can be 
prevented by using low vapour pressure solvents with slow evaporation rates.[50] 
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Another way is to use a solvent mixture in which the less volatile solvent has a 
lower surface tension.[48] Solvent evaporation will then lower instead of enhance 
the surface tension at the top surface and may thus work against the formation 
of striations.  
 
 

4.2 Phase separation in spincoated thin films 
 
When spincoating films from homogeneous ternary blends consisting of two 
solid components dissolved in a common solvent, the rapid solvent removal 
will quench the blend system into a metastable or unstable region of the phase 
diagram.[51] Since the quench will not occur instantaneously the system may be 
given some time to start phase separating or demixing. The final thin film 
morphology will be determined the time allowed for phase separation to occur 
during the spincoating.    
 
4.2.1 Spin speed and concentration  
The main parameters for the spincoating process are the spin speed and the 
concentration of the solution being coated. Increasing the spin speed will 
decrease the time for both the second and third stage in the spinning process 
due to a faster solvent evaporation and decreasing film thickness (as mentioned 
above). This will give the system less time the phase separate. For the same spin 
speed, a higher initial concentration of the solution decreases the time for the 
second stage since the film solidifies earlier. However, this also means that the 
film thickness will be higher and the third stage, the drying stage, will be longer 
due to diffusion limited evaporation.  
 
4.2.2 Solvent 
The choice of solvent will also influence the thickness of the film and the 
drying time during the spinning process. The vapour pressure of a solvent 
determines the evaporation rate. A high vapour pressure corresponds to a faster 
evaporation rate. At a constant concentration and spin speed, a high vapour 
pressure solvent (such as chloroform) solution will thus result in a thicker film 
compared to solutions made from lower vapour pressure solvents (such as 
xylene or chlorobenzene). The second stage in the spincoating process will be 
shorter for high vapour pressure solvents. This means that the film thinning 
will be stopped earlier, as the film solidifies faster, resulting in a thicker film. 
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But it also means that the system has less time to phase separate during this 
stage.  
 
Another solvent property that has an effect on the topography of the resulting 
film is the solubility. Walheim et al[52] showed that when a film is spincoated 
from a solution of two polymers in a common solvent the resulting 
morphology is affected by the relative solubility of the two polymers in the used 
solvent. The phase that is rich in the less soluble polymer is more quickly 
depleted from solvent and is the first to solidify. The other phase is still swollen 
by the solvent and with further evaporation it will collapse, resulting in areas of 
lower height than the first phase. The relative solubility of two components in a 
common solvent can be estimated by comparing their solubility parameters. 
(see chapter 3) 
 
4.2.3 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.[53] This will create a 
concentration gradient near the surface that will increase the overall free energy 
of the system. The surface composition at equilibrium will be determined by a 
balance between the energy gained by surface segregation and the increase in 
free energy due to the concentration gradient.[42] In spincoated thin films the 
surface composition will also be influenced by the kinetics of the blend 
components and of the spincoating process (similar to above). The surface 
energy of the substrate will influence the wetting behaviour of the blend 
solution and with a difference in surface energy between the components one 
or the other may preferentially wet the surface. The mechanism is the same as 
at the free surface and may result in a concentration gradient in the film close to 
the interface.       
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Chapter 5 
Atomic force microscopy 
 
Atomic force microscopy (AFM) is a scanning probe technique developed for 
high-resolution surface topography measurements of insulators by Binnig et al 
in 1986.[54] Now it is used on all materials ranging from metals and 
semiconductors to soft polymers and bio-molecules. The technique for 
measuring the topography is based on the detection of forces between a very 
sharp tip and the sample surface.[55,56] When the tip is in contact with or at a 
distance of a few nanometers from the sample it will experience repulsive van 
der Waals forces. At such short distances, these forces are strong enough to 
move the small tip which is mounted on a flexible cantilever. In contact mode 
AFM the tip is in contact with the sample and the repulsive forces are measured 
on the basis of the cantilever deflection. Another analysing mode for obtaining 
the topography is tapping mode or intermittent contact mode AFM, in which 
the tip is oscillating near its resonance frequency. Interactions with the sample 
are then obtained by detecting changes in amplitude and phase. This mode is 
less damaging to soft surfaces, such as polymers, than contact mode AFM. The 
tip may also experience long-range coulomb interactions. In the short-range 
region these interactions are much smaller than repulsive forces. At longer 
distances, however, the repulsive van der Waals forces decreases significantly 
and the long-range interactions will be dominant and may be probed by 
scanning the tip at a certain distance above the sample surface, so-called non-
contact mode. Even electric or magnetic forces may be probed with AFM in 
other analysing modes (for example EFM and MFM).  
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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 morphology.  
 
 
5.1 Instrumental set up 
 
The main components of an atomic force microscope are shown in Figure 5.1 
and consists of:[56] 
 

• A piezoceramic scanner, which moves either the tip or the sample 
independently in x, y and z directions while the other one is fixed. 

• 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.      
 

 
Figure 5.1: Schematic image of the main components in AFM. 

 
 
The most commonly used scanner is a hollow-tube scanner. It consists of a 
tube of a piezoelectric material which is coated with a thin metal electrode on 
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both the inner and outer surface. 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 voltage is 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.[55] In this study 
a tube scanner with a scan range of 12 x 12 µm was used.  
 
Probes for AFM are commercially available. The cantilever is typically 
fabricated from Si, SiO2 or Si3N4.[55] They are characterised by their elastic 
spring constant which depends on the length, thickness and shape. Different 
stiffnesses of the cantilever are required for the different modes. The back of 
the cantilever is often coated with a reflective metal, commonly Au or Al, to 
improve the reflection of the laser light. The tips are usually integrated on the 
cantilevers and are made out of the same material. For the contact mode 
measurements in this study pyramidal Si3N4 tips attached to a V-shaped 
cantilever were used. For the morphological measurements with tapping mode, 
Si tips with a radius of curvature of ~10 nm on rectangular beam cantilevers 
were used.  
 
The motion (deflection, amplitude, phase shift) of the cantilever is commonly 
detected by optical reflection. A laser is reflected off the back of the cantilever 
and detected by a four-segment photodiode. The vertical and lateral motions of 
the cantilever are determined by summing the signals from the four quadrants. 
In contact mode AFM the detector measures the vertical deflection of the 
cantilever associated with atomic short-range repulsive forces. The feedback 
electronics then keeps the deflection constant by varying the vertical position of 
the tip as it scans over the surface and thus obtaining topographic information 
of the sample. In tapping mode AFM the tip is oscillated at its resonant 
frequency.[56] The amplitude of this oscillation is damped when the tip comes 
into intermittent contact with the sample surface. The damping of the 
amplitude is used as the feedback signal and kept constant by varying the 
vertical position of the tip. A topographic image is thus obtained. Additionally 
the phase shift of the oscillation can be measured resulting in a high resolution 
map of a variety of tip-sample interaction forces, a so-called phase image. 
Domains of different compositions in phase separated polymer blends may give 
rise to a contrast in the phase image[57] which makes tapping mode AFM a 
suitable imaging method for the surface morphology of polymer blends.   
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Mechanical and acoustic vibrations give rise to noise in AFM images. To avoid 
mechanical vibrations an active anti-vibration stage (MOD-1M plus, 
Halcyonics) was used in this study.    
 
 
5.2 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.[58] 

 
The step height function was used to analyse the thickness of the spincoated 
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 5.2). 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. 
 

 
Figure 5.2: 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 
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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

 (11)    

 
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 then 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 6 
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.[59,60] 
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 
elemental composition of the sample surface.  
 
There are three analytical modes for SIMS:[61]        
 

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 the 
sample is sputtered and the intensities of selected elements 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 
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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 stored as a digital 
image.    
 
 

6.1 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:[61]  
 

- 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 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.  
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The sputter yield can be measured for a pure element[60] or theoretically 
calculated for smooth amorphous samples.[61] 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 surface concentrations of a compound sample can be largely affected by 
preferential sputtering, if the probabilities of sputtering atoms of the different 
elements are very different. The surface concentrations may also be affected by 
the irradiation of 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 elemental 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. 
 
 
6.2 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 before entering the mass spectrometer. The mass filter in the 
spectrometer is followed by a detector system for the secondary ion intensities, 
i.e. a conversion electrode in which the ions induce secondary electron emission 
which is amplified with an electron multiplier.   
  
6.2.1 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.[62] The ion source used in this study was a liquid-metal ion gun (from 
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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 allows electrons to tunnel from the 
metal atoms to the tip. Positively charged metal ions may then be extracted into 
an ion beam with a very high brightness (1010 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.[61]  
 
6.2.2 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 Z=q/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.[61,62] 
 
 
6.3 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.[61] 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 
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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 6.2) 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 may 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 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, 
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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. 
 
 
6.4 Applications on polymer blends 
 
Secondary ion mass spectrometry has long been used for the analysis of 
inorganic materials.[62] 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[63-66]. 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[67]. 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.  
 
Dynamic SIMS has also been used for depth profiling of thin films of 
conjugated polymer blends.[68,69] For polymer photovoltaic diodes, depth 
profiling SIMS has been used on to analyse the diffusion of aluminium and 
indium from the electrodes (Al and ITO) into the polymer film,[70] but also for 
analysing the spatial distribution of the blend components in the active layer[69]. 
Deuterium labelling may be used to distinguish blend components that only 
consist of carbon and hydrogen.  
 
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 7 
Introduction to the papers 
 
7.1 Materials  
 
The conjugated polymers studied in this thesis are polyfluorene and co-
polymers of polyfluorene. (see Figure 7.1)  The polyfluorenes are widely used in 
light-emitting diodes and have good stability.[71,72] Co-polymers of polyfluorene 
and a segment consisting of alternating electron-donating and electron-
accepting units (D-A-D segment) have been synthesized to create low band-gap 
polymers for solar cell applications.[20,22] The low band gap extends the 
absorption spectrum of the polymer to cover more of the solar spectrum. One 
of these low-band gap polyfluorenes is poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
5,5-(4´,7´-di-2-thienyl-2´,1´,3´-benzothiadiazole)] (LBPF5) which is the polymer 
in paper 2.  
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Figure 7.1: Polymers used in paper 1 and 2, poly(9,9-dioctylfluorenyl-2,7-diyl) (F8), poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co-(bithiophene)] (BiThio), poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(N,N’-
diphenyl-N,N’di(p-butylphenyl)-1,4-diaminobenzene)] (PFB), poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
(1,4-benzo-{2,1´,3}-thiadiazole)] (F8BT), poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-5,5-(4´,7´-di-2-thienyl-
2´,1´,3´-benzothiadiazole)] (LBPF5).  

 
 
The polymers have all been mixed with the C60-derivative [6,6]-phenyl C61-
butyric acid methyl ester (PCBM) shown in Figure 7.2, which is a the electron 
accepting molecule which yield highest conversion efficiencies in bulk hetero-
junction polymer photovoltaics so far.[7,9] A maximum power conversion 
efficiency of 2.4% has previously been reported for polymer solar cells from 
blends of LBPF5 and PCBM.[73]  
 

F8 BiThio 

PFB 

F8BT LBPF5 
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Figure 7.2: [6,6]-phenyl C61-butyric acid methyl ester  

 
 
For the morphology studies presented in this thesis thin films of the 
polymer:PCBM blends have been spincoated onto silicon wafer substrates. 
Before spincoating the blend, the silicon substrates where treated with RCA 
standard cleaning method.[74,75] Two cleaning solutions are used sequentially, 
the first is a 5:1:1 solution of H2O:H2O2:NH4OH and the second is a 5:1:1 
solution of H2O:H2O2:HCl. The clean is carried out at 75°C for about 15 
minutes in each solution and is followed by repetitive rinsing in distilled water. 
The first step is used for removing organic contaminations while the second 
step removes heavy metal contaminations. The treatment leaves the surface 
hydrophilic. In paper 2 PEDOT:PSS-coated ITO (indium tin oxide) was also 
used as a substrate. 
 
 
7.2 Results 
 
The aim of this thesis is to investigate the thin film morphology of spincoated 
polymer blends for solar cell applications. As a first approach we studied the 
effect of blend ratio and spin speed on the film morphology for blends of the 
homo-polymer poly(dioctyl-fluorene) (F8) and PCBM. The polymer and PCBM 
were dissolved in chloroform at a constant total concentration of 12 mg/ml but 
with varying blend ratios, 1:1 to 1:4 by weight. Thin films were then spincoated 
from the different solutions on RCA-cleaned silicon wafer substrates at two 
different spin speeds, 1500 or 3000 rpm for 80 s. The acceleration of the 
substrate was set to be immediate. The films were then analysed by tapping 
mode AFM. A clear surface domain structure is visible in the AFM height 
images in figure 7.3. The size of the elevated domains increases with increasing 
fraction of PCBM which is an indication that we have phase separation and that 
the elevated domains are PCBM rich. The shape of the domains is also 

PCBM 
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influenced by the fraction of PCBM. For the lower fractions of PCBM the 
domains are almost circular but at higher fractions they tend to merge forming 
more elongated structures. The corresponding phase images did not show any 
difference in contrast between the domains and the surrounding area.   
 

 
Figure 7.3: AFM height images 5 x 5 µm (height scale 30 nm) of F8:PCBM ratio a) 1:1, b) 1:2, c) 1:3 
and d) 1:4 by weight spincoated at 1500 rpm from chloroform. The size of the domains increase with 
increasing fraction PCBM.  

 
 
We also observe that the domain size increases with decreasing spin speed, 
corresponding to an increasing film thickness (see graph in Figure 7.4). This is 
explained by the fact that the solvent evaporation during the final stage of the 
spincoating process is slower for a thicker film than for a thinner, which leaves 
more time for the blend to phase separate. The domain size as a function of 
blend ratio for the two different spin speeds can be seen in figure 7.4. These 
results were presented at the Nordic Polymer Days, Copenhagen. 25-27 August 
2003.    
 

d) c) 

b) a) 
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Figure 7.4: The average domain size as a function of PCBM fraction for two spin-speeds 1500 and 
3000 rpm. The domain size was measured with the image analysis function grain size analysis (see 
chapter 5). 

 
 
The next step was to investigate the topography of films of different co-
polymers of polyfluorene blended with PCBM with the same total 
concentration, solvent and blend ratios as above. The results are presented in 
paper 1 and 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 we observed the same clear correlation between domain 
size and the polymer/PCBM blend ratio, as found previously for F8.  However, 
for two of the co-polymers, F8BT and LBPF5, the surface is relatively smooth, 
even with increasing fraction of PCBM, which indicates a more homogenous 
blend. AFM images of LBPF5:PCBM thin films spincoated from blend 
solutions of varying concentration have also been made.[76]  
 
In paper 2 we used secondary ion mass spectrometry (SIMS) as a technique for 
analysing the chemical composition of LBPF5:PCBM blend thin films as a 
function of depth. The samples were prepared by me during a one week stay at 
the Smoluchowski Institute of Physics at Jagiellonian University in Krakow and 
the SIMS measurements were made in collaboration with Andrzej Bernasik at 
the Faculty of Physics and Applied Computer Science, AGH- University of 
Science and Technology also in Krakow. 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 was too 
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large. The results revealed that LBPF5:PCBM films spincoated from neat 
chloroform solutions are vertically phase separated. The exact 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. We interpret this as an enrichment 
of PCBM at the substrate and in the region just below the surface region. This 
vertical segregation of the blend components can be explained by their 
difference in surface energy. From contact angle measurements (performed by 
Svante Nilsson at Karlstad University) on homogenous films of PCBM and 
LBPF5 respectively, it was found that PCBM have a higher surface energy than 
LBPF5. Thus, due to its lower surface energy, LBPF5 is attracted to the 
interface with air to lower the energy of the free surface while the higher 
surface energy of PCBM is more compatible with the high surface energy 
silicon substrate. Films of the 1:4 blend solution were also prepared on a 
PEDOT:PSS-coated ITO substrate. The shape of the CN- profile was similar 
for the film spincoated on PEDOT:PSS-coated ITO compared to the film 
spincoated on silicon. The change of substrate did not influence the enrichment 
of polymer at the top surface. 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.   
 
 
7.3 Outlook 
 
The SIMS results presented in paper 2 indicate that the spincoated thin films of 
LBPF5:PCBM blend have a far from optimal morphology for solar cell 
applications. In the energy conversion process, excitons created in LBPF5 by 
the incoming light dissociate into an electron and a hole at the interface 
between the blend components. The electrons should then be transported 
through the PCBM to the top electrode, which is deposited onto the free 
surface of the spincoated blend film while the holes are transported through the 
polymer to the PEDOT:PSS/ITO substrate. This means that the polymer-
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enriched layer at free surface will act as a barrier for the collection of electrons 
at the cathode. Similarly the transfer of holes to the PEDOT:PSS/ITO anode 
may be affected by the polymer-depleted interface region. These barriers may 
considerably lower the efficiency of the solar cell. There may however be ways 
to change this, for example by post-treatments such as temperature or solvent 
annealing or by modifying the surface energy of the substrate. Another 
possibility is to spincoat films in a solvent saturated atmosphere. We also have 
preliminary results on solvent-induced morphology changes for the same blend. 
Solvent effects will be studied further both with AFM and SIMS.  
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Morphology studies of
thin films of polyfluorene:

fullerene blends 

The formation of Polymer blend thin films of polymer blends by spin-coating from 
solution is characterised by rapid solvent quenching, a process that results in non-
equilibrium morphologies.  Thin films of conjugated polymer blends are used as the 
active material in polymer solar cells, in which the morphology may have drastic 
effects on device performance.

In this thesis results from morphology studies are presented for spin-coated thin 
films of polyfluorenes and co-polymers of polyfluorene blended with the fullerene 
derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM).) is presented. The 
surface morphology was investigated by atomic force microscopy (AFM) and was 
found to depend on the blend ratio as well as the chemical structure of the blend 
components. The spin speed, which determines the thickness of the spin- coated thin 
films,  was also found to influence the morphology. Secondary ion mass spectrometry 
(SIMS) was used for depth profiling of the chemical composition in thin films of 
poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-5,5-(4 �,7 �-di-2-thienyl-2 �,1 �,3 �-benzothia-
diazole)] (LBPF5) blended with PCBM. The films were found to be vertically phase 
separated with a four- fold multilayered structure. 
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