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Abstract 
So-called organic bulk heterojunction solar cells are very prom1smg for future 
renewable energy generation. The two main issues that are being addressed in this field 
are improvement of performance and improvement of stability. Conceming this latter, 
the use of organic solar cells in real life applications requires at least lifetimes in the 
order of several thousand working hours. An important environmental parameter 
related to stability and degradation is temperature. This thesis investigates the effects of 
thermal treatment on the stability of organic bulk heterojunction solar cells. 

The specific approach followed here is to prepare bulk heterojunction solar cells and to 
investigate the influence of annealing on both the photovoltaic parameters (IV
characterisation) and the bulk morphology (TEM). The first investigated material 
system is the reference system MDMO-PPV /PCBM, for which morphology and IV
characterisation both resulted to be very sensitive towards thermal treatment. In order to 
obtain solar cells with a thermally stable morphology, two possible solutions based on 
other material blends have been evaluated. Attention has also been paid to the model of 
Geens et al., which aims to relate morphology with photovoltaic performance. 

The effect of a thermal treatment on the performance of MDMO-PPV/PCBM (1:4) 
solar cells was studied by using various annealing temperatures. Clear degradation 
kinetics could be observed for the various photovoltaic parameters. An Arrhenius 
lifetime model and corresponding acceleration factors are introduced. 

The morphology of the active layers of the annealed solar cells was studied using 
Transmission Electron Microscopy. During annealing the morphology does not remain 
stable, hut shows a temperature dependent demixing. It has been observed that PCBM 
clustered and crystallised when the solar cells were annealed. 

A model developed by Geens et al., to relate the short circuit current to the morphology 
of the active layer, was revised using among others updated electron and hole 
mobilities, taken from Mihailetchi et al. 

Two possible improvements for the thermal stability of the active layer were tested: a 
pre-annealing treatment for P3HT based solar cells and the use of a polymer with 
higher glass transition temperature. In contrary to expected the pre-annealing of P3HT 
does not seem to improve the thermal stability. The experiments with and without the 
pre-annealing treatment did not show significant differences. The use of a polymer with 
higher T g results clearly in more stable efficiencies and a more stable morphology. 
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1 lntroduction 
Today the civilized world can be called an energy consuming society. Energy is needed 
for transport, to run factories and even at home. Modem people have high standards for 
their proper comfort. This goes from cars and a mobile phone toa dishwasher. All these 
applications need a certain amount of energy to work properly. This energy is mainly 
provided by fossil fuels (oil and gas) or nuclear power. However, people are becoming 
conscious of the drawbacks of these energy sources. The overall public opinion is 
concemed about nuclear power, not only because of disasters such as happened in 
Tsjemobyl but also because of the unhealthy nuclear waste it brings along. Amongst 
the opponents of fossil fuels the heating of the earth is a hot topic. But besides this, 
fossil fuels are getting exhausted. All of these issues have caused that great efforts are 
being put in the search for new, clean and inexhaustible energy sources. 

An energy source that fits these conditions can be found at about 150 million 
kilometres from earth. Solar energy does not damage the environment and since the sun 
will probably outlive mankind, it can safely be called inexhaustible. So far commercial 
solar cells are based on silicon technology. This technique is unfortunately quite 
expensive with the consequence that solar cells are not widely used for general energy 
production. The discovery of a cheaper altemative would therefore increase the 
popularity of solar cells. 

One of the possibilities under investigation is the use of conjugated polymers in solar 
cells. However, before these solar cells are ready for industrial fabrication, they have to 
be improved a lot. The efficiency and lifetime are still quite poor in comparison with 
silicon solar cells. A key role in this is played by the morphology of the polymer based 
active layer in the solar cells. 

The central subject of this thesis is the effect of a thermal treatment on the stability of 
polymer solar cells. In chapter 2, some general basics about conjugated polymers and 
polymer bulk heterojunction solar cells are introduced. Chapter 3 explains the 
experimental methods used throughout this thesis. Chapter 4 shows the effect of 
annealing on both photovoltaic properties and morphology of the active layer of the 
solar cells. Also, a model is discussed to connect the short circuit current to the 
morphology of the active layer. Finally, two possible improvements for the thermal 
stability are tested. The first consists in a pre-annealing treatment of the solar cell and 
the second in the use of a polymer with a higher glass transition temperature. 
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2 Theoricalbackground 
This chapter gives a short overview of the theory used throughout the rest of this thesis. 
Firstly, conjugated polymers are introduced briefly. This is followed by the behaviour 
of polymers at typical temperatures. Then the Arrhenius model, which applies often to 
processes depending on temperature, is explained. Finally polymer bulk heterojunction 
solar cells are treated, going from the structure to the charge transport in the devices 
and the overall characteristics of solar cells. 

2.1 Conjugated polymers 
Polymers have traditionally been considered as insulating materials by chemists and 
physicists alike. Indeed a conventional application of polymers is the safe isolation of 
metallic conductors. The unexpected discovery of highly conducting polyacetylene by 
Shirakawa [1], however, marked the birth of a new field. Polyacetylene (Figure 2.1) is 
an example of a conjugated polymer. In conjugated polymers, single and double honds 
altemate in the main chain. 

Figure 2.1 Polyacetylene 

Each carbon atom in the polyacetylene chain has an unpaired electron. These unpaired 
electrons give rise to 7r-bonds in the conjugated polymer. The overlap of the 7r-orbitals 
on neighbouring atoms in the polymer chain causes the wave functions of the electrons 
to delocalise over the conjugated polymer. The unpaired electrons form a half-filled 
band. However, this does not give the material metal-like properties. The double honds 
in the chain are slightly shorter than the single honds in the chain. This is known as 
Peierls instability [2]. Because of this structural rearrangement of the backbone of the 
polymer, all pristine conjugated polymers have bandgaps between 1 and 4eV [3]. 

In this thesis, three conjugated polymers are studied. Poly[2-methoxy-5-(3 ', 7'
dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) is an amorphous 
poly(phenylene vinylene) (PPV) with side chains that make is more soluble (Figure 
2.2). Polymerie solar cells based on this material are already widely studied. Therefore 
it is used as the reference material in this thesis. The second polymer is a regioregular 
polythiophene, namely poly(3-hexylthiopene) (P3HT) that can be seen in Figure 2.3. 
This regioregular P3HT has nicely ordered side chains in contrast to the MDMO-PPV 
where the side chains are distributed at random. Because of this ordering, crystallisation 
can take place in P3HT. This is the material used in current state-of-the-art organic 
solar cells. The third polymer used is a PPV, specially designed to have a higher glass 
transition temperature than MDMO-PPV. It is a kind of copolymer build upon 3 
monomers as is represented in Figure 2.4. 
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Figure 2.2 MDMO-PPV. 
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Figure 2.4 A PPV specially designed to have a high glass transition temperature. 

2.2 Polymer crystallisation, melting and glass transition 
Upon heating a polymer it can undergo three transitions (see Figure 2.5): glass 
transition, crystallisation and melting [ 4]. Below its glass transition temperature (T g), a 
polymer is hard and brittle, like glass. When it is heated above T g, it becomes soft and 
pliable. At this temperature it has a lot of mobility and never stays in one position for a 
long time. When the temperature is raised further, the polymer will gain enough energy 
to move into ordered arrangements, i.e. it crystallises. The temperature at which this 
happens is called the crystallisation temperature (T c). If the heating is continued, the 
polymer crystals will eventually fall apart. If the melting temperature (T m) is reached, 
the chains come out oftheir ordered arrangements and begin to move around freely. 

The crystallisation of polymers, and the resulting morphology, strongly depends on the 
molecular structure and the processing conditions. E.g. low-density poly-ethene 
(LDPE) is heavily branched and keeps an amorphous structure. High-density poly
ethene, however, is a linear molecule and crystallises easily. 
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Figure 2.5 Behaviour of polymer chains at different temperatures. 

The driving force to crystallisation is the difference in Gibbs-free energy 
(G = H - TS) between solid state and liquid [2]. Figure 2.6 shows the Gibbs-free energy 
as a function of temperature for both solid state and liquid state. The slope of the curves 
is a measure for the entropy of that state. The higher entropy in the liquid state results 
in a steeper curve. Below the melting temperature T m. the solid state has the lowest 
Gibbs-free energy and is thus the most favourable. 

G L 

s 

T 

Figure 2.6 Representation of the Gibbs-free energy for the solid state (S) and the liquid 
state (L). Below T m• the solid state has the lowest Gibbs-free energy and is thus most 

favourable. 

Not all polymers crystallize below a certain temperature. Amorphous polymers are 
viscous liquids if they are held above their glass transition temperature (T g). Below T g, 
the amorphous polymer is solid, without long-range molecular order and thus non
crystalline. The glass transition of a polymer is related to the thermal energy required to 
allow changes in the conformation of the molecules at a microscopie level. Above T g, 

there is sufficient thermal energy for these changes to occur. The strain in a polymer 
relates to the shape of the individual molecules. The response of the bulk polymer is 
influenced by the interactions between the molecules. Therefore T g depends on the 
polymer's architecture. Several factors (such as chain length, chain flexibility, side 
groups, branching, cross-linking) influence the transition [5]. 
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2.3 The site-model theory (Arrhenius) 
If a polymer is subjected to a mechanical stress or to an electric field, the structure 
responds, i.e. relaxes, in such a way as to reach an equilibrium under the stress or the 
field. When a relaxation process is caused by a single mechanism of random jumping it 
can be described by the site-model theory. This theory allows relating the relaxation 
time to the temperature and the height of the energy barrier that must be surmounted for 
the jump to take place. 

The simp lest form of the site-model theory [ 6] assumes that there are two 'sites', each 
representing a particular local conformational state of the molecule, separated by an 
energy harrier, as shown in Figure 2.7. ~G1 and ~G2 are the Gibbs free-energy 
differences per mole (constant pressure conditions are assumed). 

site 2 

site 1 

Figure 2.7 The site model: a representation of the energy harrier between two molecular 
states. 

Assume that there are n1 molecules in state 1 represented by site 1 at a particular time. 
The probability that any molecule initially in state 1 will make the transition to state 2 
in a small interval of time dt is v12dt. The total number of molecules 'moving from site 
1 to site 2' in unit time is then n1v12• In the reverse direction, a similar argument for 
transitions applies, with V2 1 replacing v12 and nz replacing n1• If n1,o and nz,o are the 
equilibrium values of n1 and n2, respectively, and v12,0 and v21 ,0 are the corresponding 
equilibrium values, then 

(2.1) 

Now a stress a is applied that disturbs the equilibrium by causing small changes in the 
free energies of the sites and hence also in the transition probabilities. Assume that at 
any subsequent time, there are n more molecules in site 1 than the original equilibrium 
number. Then 

(2.2) 

Substituting n1 = n1.o + n and n2 = n2.o- n and using n1,0v12,0 = n 2,0V21,0 lead to 

dn dt = -n(v,2 + V2J- n,,o(v,2 -V12,o) + n2,o(V21 -v21,o) = -n(v,2 + V21) +Co- (2.3) 

where it is assumed that both transition probabilities are changed from their equilibrium 
values by an amount proportional to the stress a, so that Cis a constant. The solution of 
this equation is 

(2.4) 

where 
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1 
(2.5) 

The probabilities P12dt and P21dt must be proportional to the probabilities that a 
molecule gains enough energy to surmount the respective harriers between the sites. 
Provided that the effect of stress on llG1 and llG2 is small compared with their 
equilibrium values, it follows that 

v12 = A exp [-llG1 l(RT)] 

v21 = A exp [-llG2 l(RT)] 
(2.6) 

where R is the molar gas constant and A is constant for a particular pair of sites. 
Substituting P12 and P21 from equation (2.5) and assuming as is often true llG1 - llG2 >> 
RT, leads to 

r = (1/ A) exp [ llG2 l(RT)]=11 v21 (2.7) 

T is the relaxation time of this process that is temperature dependent and equal to the 
average time betweenjumps over the harrier. 

Because llG = Af! - TllS, 

r = A 'exp[ Af/2 l(RT)] (2.8) 

where A'= (1/ A)exp(-llS2 / R). This is the Arrhenius equation. The enthalpy 

difference Afl2 is usually written as Ea and is called the activation energy for the 
process. A ' is called the frequency factor. 

The rate of the process kis proportional to T-
1 so that: 

1 
k oc À'exp[-Ea l(RT)] (2.9) 

It is often said that the exponential term in the Arrhenius equation can be interpreted as 
the fraction of molecules with energy greater than Ea [7]. The basis for this is that the 
population of energy levels is given by the Boltzmann distribution function 

P(E) = Ng(E)exp(-E IRT) (2.10) 

where g(E) is a degeneracy factor for the number of states with energies E, and N is 
chosen so that the total population is unity. The fraction with energy greater than Ea is 
obtained by integrating from Ea to infinity. In the case of the two site model, this would 
be equal to the Arrhenius exponential (2.9) since g(E) is unity for this model. 

In practice the Arrhenius model is used to derive temperature acceleration factors for 
failure mechanisms [8]. The acceleration factor As is defined as: 

A =!.!_ 
s t 

2 

(2.11) 

with t1 the lifetime of a component at one operating condition and tz the lifetime of the 
same component at the other operating condition. It is assumed that the same failure 
mechanism is active at both operating conditions. The temperature acceleration factor 
can now be found using the Arrhenius equation: 

(2.12) 
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with T 1 and T 2 the temperatures of the first and second operating conditions 
respectively and k the Boltzmann constant. 

2.4 Bulk heterojunction solar cells 

2.4.1 Structure of the solar cell 
Most organic solar cells have a planar-layered structure (Figure 2.8), where the organic 
light-absorbing layer is sandwiched between two different electrodes. One of the 
electrodes must be (semi-) transparent, for this purpose Indium-tin-oxide (ITO) is 
usually chosen. 

On top of the ITO, a Poly(3,4-ethylenedioxythiophene-polystyrenesulfonate (PEDOT
PSS) layer is spincoated to smooth the surface and because of its good 
injection/collection properties [9]. The active layer, spincoated on top of the 
PEDOT:PSS, is a blend of donor and acceptor molecules. As top electrode, 
electropositive metals are typically used (Al, Ca, Mg, ... ) . 

..------1 - SMU + 

PEDOT """"""- po lym er 
PCBM 

Figure 2.8 Polymer bulk heterojunction photovoltaic cell. 

2.4.2 Working principle 
The active layer in polymer photovoltaic cells has two components: a p-type polymerie 
conductor (the donor), such as PPV or polythiophenes, and an electron carrier, which is 
mostly a derivative of fullerene, e.g. PCBM. When light is absorbed, an electron in the 
polymer is promoted from the highest occupied molecular orbital (HOMO) to the 
lowest unoccupied molecular orbital (LUMO) forming an exciton. This process must be 
followed by exciton dissociation. The use of two materials with different electron 
affinities in the active layer improves this dissociation: the electron will be accepted by 
the material with the larger electron affinity (usually PCBM) and the hole by the 
material with the lower ionisation potential (e.g. MDMO-PPV, P3HT). This exciton 
dissociation depends on the size of the interface between donor and acceptor material. 
Therefore, the two components of the active layer are blended. After the exciton 
dissociation, the electron will travel to the Al electrode and the hole to the ITO 
electrode. Figure 2.9 shows this process [10]. 
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Donor 
(polymer) 
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Acceptor 
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Figure 2.9 Representation of electron excitation and exciton dissociation. The electron is 
promoted from the HOMO to the LUMO of the donor leaving a hole behind. lf the 

acceptor LUMO is sufficiently lower than the donor LUMO, the excited electron will relax 
into the acceptor LUMO and will separate from the hole. 

2.4.3 Charge transport in the solar cell 
The previous paragraph presented the genera! working principle of a solar cell. This 
section treats in a little more detail the journey of the charge carriers towards the 
electrodes. This charge transport happens through diffusion. For electrons the diffusion 
current density is [ 11]: 

dn 
Je =qDe dx 

with De the diffusion constant for electrons. Similarly, for holes: 

dp 
Jh =-qDh-

dx 

(2.13) 

(2.14) 

with Dh the diffusion constant for holes. The diffusion constants are interconnected to 
the electron and hole mobilities by the Einstein relations: 

kT kT 
De =-µe and Dh =-µh (2.15) 

q q 

with k Boltzmann's constant and T the temperature. 

Charge carriers can recombine. The rate at which this is done is the recombination rate 
U. Charge carriers can also be generated by extemal processes, such as illumination by 
light. The rate at which this happens is the generation rate G. In steady state conditions, 
the net rate of increase in an elemental volume must be zero, so that respectively for 
electrons and holes: 

]_ dJe =U-G 
q dx 

]_ dJh = -(U - G) 
q dx 

Carrier lifetime for electrons (Te) and for holes ( 'Th) are defined as: 

11 

(2.16) 

(2.17) 



11.n 
r =

e U and 
11.p 

r =-
h u (2.18) 

where 11.n and 11.p are the disturbances of respective carriers from their equilibrium 
values, no and po. 

11.n = n - n0 and /1..p = p - Po (2.19) 

And the diffusion length, respectively for electrons and holes, is defined by: 

Le= ~Dere 

2.4.4 Solar cell characteristics 

(2.20) 

(2.21) 

The performance of a solar cell [12] is described by its power conversion efficiency TJ 

being the ratio of the maximum obtainable electrical power P max and the incident light 
power (ILP). The point of maximum obtainable electrical power P max is located in the 
fourth quadrant on the current density-voltage (J-V) curve (Figure 2.10) where the 
product of current density J and voltage V reaches its maximum value. In order to relate 
this maximum power point to the short-circuit current density Isc (current density at 
zero voltage), the open-circuit voltage Voc (voltage at zero current density), and the 
diode behaviour of the solar cell, the fill factor (FF) is introduced. The FF describes the 
ratio Of p max With the product Of J se and v OC• 

The conditions for measuring the power conversion efficiency TJ are specified as a 
radiant density of 100mW/cm2 with a spectra! distribution defined as 'Air Mass 1.5 
Global' (AM 1.5) at a cell temperature of 25°C. AM 1.5 approximates the intensity of 
sunlight that would be received on a tilted plane surface on a clear day, and for a model 
atmosphere containing specified concentrations of e.g. water vapour, and aerosol. 

P =J XV max max max 

= p max = Jsc X Voc X FF X 100 
1J ILP ILP 

a.o 0.2 0.4 0.6 0.8 

Bias VM 
Figure 2.10 Current density-voltage (J-V) curve under illumination with the maximum 

obtainable electrical power (Pmax) depicted as the rectangle. 
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3 Experimental 
This chapter explains the route from pristine polyrner to solar cell to IV-measurement 
and morphology study. This starts from solution preparation and substrate cleaning. 
This is followed by spincoating the active layer and evaporation of the electrode. Then 
IV -measurements are performed and finally TEM samples are prepared and studied 
with TEM. . 

3.1 Solution preparation and substrate cleaning 
The polyrners used for the preparation of solar cells are represented in Table 1. As 
electron acceptor, PCBM (Nano-C) is used. For the MDMO-PPV based solar cells, 
solutions of 0.5 wt% (with respect to the polyrner) of MDMO-PPV /PCBM 1 :4 in 
chlorobenzene were made. With P3HT, 2 different solutions were prepared: 0.5wt% 
P3HT/PCBM 1:2 in chlorobenzene and lwt% P3HT/PCBM 1:1 in chlorobenzene. With 
the high Tg PPV a -solution of 0.3wt% PPV/PCBM in chlorobenzene was made. A 
magnet was added to the solutions and they were left at 50°C for a few days to stir until 
the materials had dissolved wel!. For the MDMO-PPV/PCBM solution a stirring time 
of 1 day was sufficient. The P3HT/PCBM solutions needed at least 2 days and for the 
PPV /PCBM solution a whole week of stirring at 50°C was necessary. 

manufacturer molecular weight band gap 
glass transition 

temperature 

MDMO-PPV Covion 1 386 000 g/mol 2.2eV ±45°C 

P3HT Rieke metals 34 900 g/mol 1.9 eV ± 2°C 

High Tg PPV Covion 1 750 000 g/mol ± 2.3 eV ± 150-160°C 

Table 1 Materials used in solar cell preparation. 

The substrates for solar cells consisted of 25x25mm glass with an ITO pattem (100 nm 
thick). In every corner of the substrate, a lOxlümm ITO square was present. These 
substrates were cleaned 10 min in an ultrasonic bath with successively: soap, 
demineralised water, acetone and boiling isopropanol. With the P3HT/PCBM solutions, 
no solar cells were made, only layers of the blend. Therefore plain glass substrates of 
25x25mm were sufficient. They were cleaned the same way as the substrates with the 
ITOpattem. 

3.2 Spincoating and evaporation 
From this point on, the preparation of the solar cells was done in a glovebox with a 
nitrogen atmosphere. A KarlSuss RC8 spincoat installation was available in the 
glovebox. The layers were spincoated using a three-step program. The first step served 
to spread the solution smoothly across the substrate. The second step determined the 
thickness of the film: the faster the rotation speed, the thinner the film. During the third 
step, the solvent evaporated completely. The thickness of the films was measured with 
a Dektak3ST. This way, suitable spincoat parameters were determined by trial and 
error. 

For the solar cells, first a layer of PEDOT-PSS (Bayer) of about 60 nm was spincoated 
on top of the ITO pattem. Then this sample was annealed during 10 minutes on a hot 
plate at 120°C. At the borders, about 3 mm PEDOT-PSS was removed. This was 
necessary for the preparation of TEM samples (see section 3.4.1). Then the active layer 
(±120 nm) was spincoated on top of the PEDOT-PSS. For this, the solutions of 
MDMO-PPV/PCBM and PPV/PCBM mentioned in section 3.1 were used. In the four 

13 



corners of the sample, a small area of the active layer was removed using 
chlorobenzene. This served to expose the ITO layer under it, which was necessary for 
the IV-characterisation later on (section 3.3). 

After this, the samples were put in a vacuum chamber. The pressure was reduced to 
lxl0-6 mbar and in the middle of the sample a 15x15 mm square Al contact with a 
thickness of about 80 nm was evaporated. Figure 3.1 shows that this method of 
preparation results in 4 identical solar cells on each sample. 

I~ ± 100 nm 

Figure 3.1 The sample preparation results in 4 identical solar cells at the overlap of ITO 
and Al (left). The right picture shows a side view of a solar cell. 

3.3 IV-characterisation 
Section 2.4.4 explained that a solar cell can be characterised by measuring a current vs. 
voltage curve. These IV-measurements were done with an Oriel solar simulator equiped 
with a Xenon Short Are lamp with a power of 150W. A labview program controlled the 
measurements and automatically saved the results. Figure 3.2 shows an example of an 
IV-curve measured for an MDMO-PPV/PCBM 1:4 solar cell. In this case the short
circuit current was 7.32mA/cm2

, the open circuit voltage was 0.75V and the fill factor 
was 46.32%. This yielded an efficiency of2.54%. 

-1 

"'Ê -2 
(.) 1-3 
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ëii 
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:::::1 
(.) -7 

• • • • • • • • • • • 

-8-1-....--.-.--~~~~~~~....--.-.--~~-.--1 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Voltage (V) 

Figure 3.2 An IV-curve for an MDMO-PW/PCBM 1 :4 bulk heterojuction solar cell. 

3.4 Transmission Electron Microscopy (TEM) 

3.4.1 Preparation of TEM samples 
After the IV-characterisation, the solar cells were taken out the glovebox and TEM 
(Transmission Electron Microscopy) samples of the active layer were prepared. The 
TEM samples were made from the 3 mm area where the PEDOT-PSS had been 
removed. Small pieces of substrate were put in hydrofluoric acid (HF) mixed with a 
little bit of nitric acid (HN03). The substrate sank to the bottom, while the active layer 
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floated on the surface. The floating film was then picked up with a 200-mesh copper 
TEM grid and used for further morphology study. lf the PEDOT-PSS had not been 
removed, the active layer would stick to the substrate and sink to the bottom with it. 

3.4.2 Morphology study with TEM 
A Transmission Electron Microscope (TEM) can be used for microstructural analysis. 
With magnifications up to 1 OOOOOOx, it is suited for morphology studies up to the 
molecular level. Information about the crystal structure of the sample under study can 
be obtained from diffraction pattems. The TEM used in this thesis was a Philips CM12-
STEM. 

Figure 3.3 shows a schematic representation of a Transmission Electron Microscope. 
The electron gun at the top of the TEM produces a stream of monochromatic electrons. 
The stream passes through two magnetic lenses (the first en second condenser lenses) 
that focus it into a small, coherent beam. The condenser aperture blocks the high angle 
electrons before the beam strikes the sample. The transmitted part of the beam is 
focused into an image by the objective lens. The objective apertl,rre, which blocks the 
high-angle diffracted electrons, enhances the contrast of the image. The selected area 
aperture can be used to specify the region of interest, when displaying diffraction 
pattems. Finally, the intermediate and projector lenses enlarge the image; the beam 
strikes the phosphor screen and light is generated, allowing the user to see the image. 

Electron gun 

First Condenser Lens 

Second Condenser Lens 

Sample 

Objective Lens 
, , . , . .. , c::::• ~~··=:··,·::Il· • Objective Aperture 

---•' Selected Area Aperture 

First lntermediate Lens 

Second lntermediate Lens 

Projector Lens 

Figure 3.3 Schematic representation of a TEM 

The selected-area electron diffraction (SAED) pattems of a crystalline material gives 
information about the crystal lattice of the material [13] . Figure 3.4 shows two possible 
diffraction pattems obtained by TEM. For a single crystal, that is a single repeating 
array of atoms, the diffraction pattem consists of a simple array of bright spots. The 
distribution of the spots depends on the orientation of the atomie array in the electron 
microscope. Fora polycrystalline material, which consists of a large number of small 
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discrete areas, each with the same atomie array, the diffraction pattem is a series of 
concentric rings. 

Figure 3.4 Diffraction pattern of a single crystal (left) and of a polycrystalline sample 
(right) 
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4 Results and discussion 
This chapter presents the actual experiments that have been done in order to address the 
following questions: 

• What is the effect of prolonged annealing on the stability of solar cells? This 
includes: 

Which photovoltaic parameters are sensitive towards annealing? 
Can an Arrhenius model be used to relate the degradation kinetics with the 
annealing temperature? 
What is the effect of annealing on the film morphology? 
Can the model proposed by Geens et al. be used to link the observed 
morphological changes with changes in photovoltaic performance? 

• How can the thermal stability be increased? 
What is the thermal stability of a pre-annealed P3HT-based blend? 
What is the thermal stability of a polymer with a high glass transition 
temperature? 

4.1 The effect of annealing on the performance of solar cells 
This section studies the effect of a thermal treatment on the performance of solar cells. 
For this purpose, solar cells are made according to the procedures explained in chapter 
3 and annealed at various temperatures. The sensitivity of the photovoltaic parameters 
to this annealing is investigated with IV-measurements. The preparation as well as the 
annealing and IV-characterisation of the solar cells were done in a glovebox with a 
nitrogen atmosphere. 

4.1.1 Sensitivity and kinetics of photovoltaic parameters during 
annealing 

Polymer bulk heterojunction solar cells (Figure 2.8) were made with MDMO
PPV /PCBM (1 :4 wt ratio) as active layer. The experiment was divided into three parts. 
A:fter preparation of the solar cells, the initia! values of the short circuit current Osc,o), 
the open circuit voltage (Voc,o), the fill factor (FFo) and the efficiency (T/o) were 
measured. One sample was kept in the <lark at room temperature to look at the natura! 
degradation (shelf life degradation). The others were annealed for times between 0.5 
and 16 hours at (100 ± 3)°C. During annealing, they were kept in a <lark room and 
under nitrogen atrnosphere. After annealing, the solar cell parameters Osc,1; V oc,1; FF1; 
T/1) were measured again. 

Figure 4.1 - Figure 4.4 show the effect of the annealing on the performance of the solar 
cells. The squares in the curves represent the average value of the parameter. The error 
bars represent the standard deviation. The average is taken over the 'good' solar cells. 
A 'good' solar cell is defined as a solar cell that has an IV-curve comparable to Figure 
3.2. The solar cells that were left out showed a straight line in their IV-curve, which 
means they behaved as resistors instead of solar cells. This behaviour will be explained 
later on. 

Looking at the first point of the curves in Figure 4.1 - Figure 4.4, a small decrease in 
short circuit current, open circuit voltage and efficiency can be observed. This indicates 
that even without annealing, the solar cells are not stable. From the second point of the 
curves onwards, the effect of the annealing on the solar cell parameters can be seen. 
Obviously, the annealing results in a decay of the solar cell parameters. The short 
circuit current shows a rather exponential decay. After 16 hours of annealing, it has 
dropped to about 75% of its initia! value. The decay in open circuit voltage is smaller 

17 



than the decay in short circuit current (it falls to 93% of its initia! value after 16 hours 
of annealing) and it also looks rougher. The fill factor shows a smooth exponential 
decay; it decreases to 68% of its initial value after 16 hours of annealing. The 
efficiency, being proportional to the product of the other 3 parameters, obviously has 
the largest decay. It drops to about 48% of its initia! value. These results clearly show 
that annealing has a bad influence on the performance of solar cells. 
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Figure 4.1 Decay of the relative short circuit current as a function of the annealing time 
at 100°C for MDMO-PPV/PCBM 1 :4 bulk heterojunction solar cells. 
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Figure 4.2 Decay of the relative open circuit voltage as a function of the annealing time 
at 100°C for MDMO-PPV/PCBM 1 :4 bulk heterojunction solar cells. 
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Figure 4.3 Decay of the relative fill factor as a function of the annealing time at 100°C for 
MDMO-PPV/PCBM 1:4 bulk heterojunction solar cells. 
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Figure 4.4 Decay of the relative efficiency as a function of the annealing time at 100°C for 
MDMO-PPV/PCBM 1 :4 bulk heterojunction solar cells. 

4.1.2 Arrhenius model vs. degradation kinetics 
According to the Arrhenius equation (2.8) the relaxation time of a process depends on 
the temperature, in such a way that increasing the temperature will decrease the 
relaxation time. This means that increasing the temperature can accelerate the process. 
To verify this, the same experiment was done but now with an annealing temperature of 
(110 ± 3)°C. The results are shown in Figure 4.5 - Figure 4.8 together with the previous 
results for an annealing temperature of 100°C. 

Comparing the first points in the curves of 100°C and 110°C, shows already a small 
difference. There is a larger decay in short-circuit, fill factor and efficiency for the 
110°C curve. However, these results come from samples that have not been put on the 
hotplate but only served to see the shelf life degradation of the solar cells. The 
difference between these points can be explained by the time period between the 
measurements before and after the annealing. For the 100°C curve the time between the 
two measurements was about 30 hours while for the 110°C curve, it was about 42 
hours. 
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Looking at the further course of the curves, the decay in solar cell parameters happens 
faster for an annealing temperature of 110°C than for an annealing temperature of 
100°C. This could be expected since for higher annealing temperatures, more energy is 
supplied and changes in the active layer can take place easier. 
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Figure 4.5 Decay of the relative short circuit current as a function of the annealing time 
at 100°C (triangles) and at 110°C (squares) for MDMO-PPV/PCBM 1:4 bulk heterojunction 

solar cells. 
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Figure 4.6 Decay of the relative open circuit voltage as a function of the annealing time 
at 100°C (triangles) and at 110°C (squares) for MDMO-PPV/PCBM 1:4 bulk heterojunction 

solar cells. 
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Figure 4.7 Decay of the relative fill factor as a function of the annealing time at 100°C 
{triangles) and at 110°C {squares) for MDMO-PPV/PCBM 1 :4 bulk heterojunction solar 
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cells. 

To get a rough idea of the increased speed of decay of the parameters, an acceleration 
factor can be calculated. The failure criterion is chosen to be the time where the solar 
cell parameter is reduced to 85% (tss) of its initial value. These times, tss,100°c and 
t85,1 wc, are estimated from the course of the curves in Figure 4.5 - Figure 4.8. For the 
short circuit current, an acceleration of about 2.8 is obtained. 

(85,!00"C = 82min = 2.8 
(85,!IO"C 29min 

(4.1) 

In the same way, the acceleration for the fill factor is about 2.2 (tss,100°c = 26 min, 
t85,1 wc= 12 min) and for the efficiency, the acceleration becomes about 6 (tss,100°c = 12 
min, tss,1 wc = 2 min). The open circuit current does not reach 85% of its initial value, 
even after 16 hours of annealing, therefore no acceleration is calculated here. 
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If this decay in solar cell parameters would correspond to Arrhenius behaviour, it 
would be possible to calculate an activation energy. For this purpose, ln(t85) would have 
to be set out as a function of 1/k8 T. This is done for the short-circuit current in Figure 
4.9. The activation energy equals the slope of the linear fit through the points. For the 
short circuit current, this activation energy would be l.07eV. As a rule of thumb for 
leV, one can expect that an increase in temperature of 10°C would accelerate the 
degradation with a factor of 2. 
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Figure 4.9 ln(t85) as a function of 1/k8 T for the short circuit current represented in Figure 
4.5 

To verify whether the decay in solar cell parameters actually has an Arrhenius 
behaviour, more experiments should be done at different temperatures to check if ln(t85) 

really depends linearly on 1/(k8 T). Preferentially, a set of in situ experiments have to be 
performed at various temperatures to check of the degradation kinetics can be described 
through the Arrhenius equation. For this purpose, at the moment an in situ equipment is 
being development at IMO. Since this equipment was not ready for the time being, a 
further ex situ experiment has been attempted at an annealing temperature of 90°C. 
However, due to unexpected differences in preparation conditions, the measurements 
with an annealing temperature of 90°C did not agree with the results for the annealing 
temperatures 100°C and 110°C. The short-circuit current dropped faster than at 
annealing temperatures of 100°C and 110°C (Figure 4.10). The results for the open 
circuit voltage lay in between the results of the other two temperatures. Only the fill 
factor behaved as was expected, its curve laid higher than the other curves. The 
efficiency dropped faster for 90°C than it did for 100°C and 110°C. This efficiency is 
proportional to the product of the other three parameters, so this faster decrease is 
caused by the faster decrease in short-circuit current and open circuit voltage. 
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Figure 4.10 Decay of the relative short circuit current vs. the annealing time at 90°C 
(circles), 100°C (squares) and 110°C (triangles) for MDMO-PPV/PCBM 1:4 bulk 

heterojunction solar cells. 

Initially there were three possible explanations for the unexpected behaviour of the 
solar cell parameters at an annealing temperature of 90°C due to the different 
preparation technique. The first was the use of a new bottle of PEDOT-PSS. The use of 
'new' PEDOT-PSS was necessary because the 'old' started to contain pieces of 
unsolved materials. After spincoating, these chunks stuck out of the film and caused a 
direct connection between the PEDOT-PSS-film and the Al electrode, resulting in solar 
cells behaving like resistors. This hypothesis was tested by making identical solar cells 
except for the PEDOT-PSS. In an attempt to get rid of the unsolved pieces in the 'old' 
PEDOT-PSS, it was filtered with a 1.0 µm mesh filter. The solar cells were put on a 
hotplate at 100°C for 2 hours ('good' results were already available for this annealing 
time and temperature) and the effect on the solar parameters was examined. The short
circuit current, open circuit voltage, fill factor and efficiency showed differences of 
respectively 3%, 2%, 7% and 7% between devices with 'old' PEDOT-PSS and 'new' 
PEDOT-PSS. The small differences in short-circuit current and open circuit voltage 
suggest that the faster decay of these parameters at 90°C can not be connected to the 
use of the new bottle of PEDOT-PSS. An extra indication for this is the fact that the 
solar cell parameters for both the 'old' pedot and the 'new' pedot devices do not 
correspond to the earlier 'good' result for the sample annealed at 100°C for 2 hours. 

A second possible explanation can be found in the evaporator used to deposit the Al 
electrode. After evaporation, the sample bolders sometimes feel very hot. This could 
mean that the samples already have a thermal treatment during evaporation resulting in 
lower solar cell parameters. After discovering this, the cooling system of the evaporator 
was tumed up to maximum but the sample bolders still sometimes felt hot after 
evaporation and the results for the 90°C annealing temperature remained unsatisfying. 

The third explanation for the fast decay could be the use of new PCBM and MDMO
PPV. The new MDMO-PPV carne from the same batch as the previous MDMO-PPV; 
the only difference might be the kind of storage. The PCBM did come from a new 
batch, although it was still delivered by Nano-C. This third hypothesis could not be 
tested since the 'old' materials were gone. However, it seems unlikely that PCBM is the 
cause of the unsatisfying results since solar cells prepared later with this PCBM (in a 
blend with the high T g polymer, see section 4.5) gave very stable results. 
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Because of the absence of a comparable curve at a third annealing temperature, no 
further attempts were made to fit the decay in solar cell parameters to Arrhenius 
behaviour. 

4.2 The effect of annealing on the morphology of the active 
layer 

The previous paragraph showed that the performance of solar cells is affected by an 
annealing treatment. Now an attempt is made to link this performance change to a 
morphology change of the active layer. The active layers of the solar cells mentioned in 
section 4.1 were investigated using TEM. Figure 4.11 and Figure 4.12 show the TEM 
images of the annealed films and the corresponding selected-area electron diffraction 
(SAED) pattems. The mass density of PCBM is higher than the mass density of 
MDMO-PVV. Therefore a distinction can be made between PCBM rich areas (<lark 
spots) and areas depleted of PCBM (light areas between the spots) [14] . 

Figure 4.11 TEM images of the MDMO-PPV/PCBM (1 :4 wt ratio) layers in solar cells 
(Figure 4.5 • Figure 4.8). The solar cells were annealed for a)Oh, b)O.Sh, c)1 h, d)2h, e)4h, 

f)Sh, g)16h at 100°C. 

The non-annealed films clearly show phase separation between the PCBM rich areas 
and the ones depleted of PCBM. The thermal treatment of the film results in clustering 
and crystallisation of PCBM. For an annealing temperature of 100°C these processes 
begin after 2 hours of annealing. In the TEM image (picture d), a cluster of PCBM can 
clearly be seen while the SAED pattem shows that crystallisation has occurred. The d-
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spacings of the spots correspond with the values for triclinic PCBM [15]. After 4 hours 
of annealing (picture e ), the clustering has become more prominent. A lot of PCBM 
clusters with a light border are present. These light borders are depleted of PCBM. In 
the grey area in between the clusters, the phase-separated blend is still present. 

This clustering of PCBM explains the decay in short circuit current of the solar cells. 
When PCBM clusters, the interface between PCBM en MDMO-PPV decreases. 
Therefore, the excitons, created in the MDMO-PPV, find it harder to dissociate and 
more recombination will take place. This results in a decrease of the short circuit 
current. 

Comparing Figure 4.11 to Figure 4.12, the diffusion rate of at 110°C obviously happens 
faster than at 100°C. For the annealing temperature of 110°C, clusters and crystals 
already appear after 0.5 hour. This explains the faster decay of the solar cell parameters 
at 110°c. 

Figure 4.12 TEM images of the MDMO-PPV/PCBM (1 :4 wt ratio} layers in solar cells 
(Figure 4.5 - Figure 4.8). The solar cells were annealed for a}Oh, b}0.5h, c}1 h, d}2h, e}4h, 

f}Sh, g}16h at 110°C. 

The difference in diffusion rate can also be seen by looking at the matrix of the blend 
(grey area) between the clusters. Figure 4.13 and Figure 4.14 show some TEM images 
to clarify this. After 4 hours of annealing at 100°C (Figure 4.13) the matrix still consists 
of a phase-separated blend of PCBM (<lark circles) and MDMO-PPV (light area 
between the circles). This matrix is comparable to the initial matrix, when no annealing 
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was performed. After 8 hours of annealing at 100°C, the dark PCBM areas seem to 
vanish and after 16 hours of annealing, all the dark circles have disappeared. Instead, 
light circles are visible. It seems as though the PCBM has completely diffused out of 
the matrix. For an annealing temperature of 110°C, the same phenomenon is observed 
hut now the PCBM circles have already disappeared after 2 hours of annealing (Figure 
4.14). 

Figure 4.13 Matrix between the PCBM clusters after a) 4h, b) 8h, c) 16h of annealing at 
100°c. 

Figure 4.14 Matrix between the PCBM clusters after a) 0.5h, b) 1 h, c) 2h of annealing at 
110°c. 

To check whether the PCBM had really vanished from the matrix, the SAED pattems 
of the matrix were investigated. The residual values of the SAED pattems of the matrix 
with and without the dark circles are represented in Figure 4.15 as a function of the d
value. The SAED pattem of the area with the dark circles shows peaks at d-values 
corresponding to PCBM [15]. For the area without the dark circles, the peaks have 
disappeared. This proves that all the PCBM has vanished from the matrix and can be 
found in the clusters. 
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Figure 4.15 Residual intensity of the SAED patterns of the matrix where the dark circles 
arè still present (topmost curve) and where they have disappeared {bottom curve). 

4.3 A model to relate the morphology to the short circuit 
current 

Sections 4.1 and 4.2 show that the morphology of the active layer has an influence on 
the performance of solar cells. Especially the short circuit current is influenced by the 
clustering of PCBM. The fact that morphology has an influence on the performance of 
solar cells was already shown by Shaheen et al [16]. Upon using chlorobenzene instead 
of toluene as casting solvent, better phase separation was obtained (see Figure 4.16). 
This resulted in an increase of the power efficiency to 2.5% where former solar cells 
only reached 0.9%. Particularly, the short-circuit current increased from 2.33 to 5.25 
rn.A/cm2

• 

Figure 4.16 Images of spincoated MDMO-PPV:PCBM (1 :4) thin films from a toluene (left) 
and chlorobenzene (right) solution, the dark areas are PCBM rich domains (17). 

Geens et al. developed an analytica! model that connects the morphology of the active 
layer and the short-circuit current [18]. For this model, knowledge of the molecular 
organisation of the donor/acceptor network is needed. In Figure 4.16 the dark spots 
contain a high PCBM concentration, whereas the white-grey regions in between consist 
of a homogeneous mixture of MDMO-PPV and PCBM in a 1: 1 ratio [ 17]. Then the 
assumption is made that the dark spots are top views of PCBM channels that connect 
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the top electrode with the bottom electrode in the final solar cell. Similarly, the 1: 1 
blended phase also forms connecting pathways between the top and the bottom contact. 
A schematic representation of the model is given in Figure 4.17. The PCBM channel 
and the surrounding 1: 1 blend are represented as concentric cylinders. We is the 
diameter of the PCBM cylinder and wh the radius of the 1:1 blend cylinder. 

Al 

ITO/PEDOT:PSS 

Figure 4.17 Schematic drawing of the charge generation and transport processes in a 
bulk heterojunction solar cell under illumination. Only the shaded part of the 1 :1 region 

(within the electron diffusion length Le) will contribute to the photocurrent [18). 

The optica! absorption of C60 and its derivatives like PCBM in the visible (AM 1.5) 
range is very weak. Absorption of light is therefore assumed to take place only in the 
blended 1: 1 regions with a width wh. Gblend is the generation rate of free electron-hole 
pairs in the 1:1 region. The free electrons within the diffusion length Le diffuse (Jey) 
towards a neighbouring PCBM channel (width we) through which efficient transport 
Uex) to the Al electrode will occur. The remaining holes in the MDMO-PPV/PCBM 
(1: 1) blend will diffuse (hx) along the PPV -polymer network towards the ITO/PEDOT 
electrode. 

The generation and electron transport in the 1: 1 region can be described using the 
equations introduced in section 2.4.3. Combining equations (2.13), (2.16) and (2.18) 
leads to the following di.fferential equation for the electrons travelling towards the 
PCBM channel: 

d 211n l1n 
D ey -2- = - - Gblend 

dy Te 
(4.2) 

Inserting the diffusion length (2.20) into this equation gives: 

(4.3) 

The general solution of this differential equation is: 

!in= Gr + CeylL. + De-y'L· 
e (4.4) 

When y goes to infinity, 11.n has to stay finite which means C is zero. When y = 0, 
n(O) = n(x), where n(x) is the electron concentration in the PCBM channel. This leads 
to: 

11n(O) = n(O)-NDblend = n(x)-NDblend = G-re +D (4.5) 
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and thus 

D = n(x)-NDblend -Gre 

leading to an expression for the number of free electrons: 

n = NDblend + Gre + (n(x)-NDblend -Gre)e-ylL. 

Now the diffusion current density can be calculated using (2.13): 

J ey = - qDey (n(x)-NDblend -Gre)e-y!L, 
Le 

The generations rate of electrons in the PCBM channel equals 1ey(O)/(qwe) [18]: 

_ Dey Dey GLe 
GPCBM ----n(x)+--NDblend +--

Le we Le we we 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

In the pnstme PCBM channel, the recombination of electrons is assumed to be 
negligible. The differential equation describing the electrons moving in the PCBM 
channel towards the Al electrode is: 

(4.10) 

Or with Z = ~Le weD ex ID ey this becomes: 

d2n n(x) NDblend 
dy2 =y- z2 (4.11) 

with the general solution n(x) = NDblend + Gblendre + Ae-xiz + Bexiz 

B has to be zero, because n has to stay finite when x goes to infinity. A can be 
calculated from the boundary condition that at x = 0 (at the Al electrode), n(O) = N0 , 

being the equilibrium electron concentration of pristine PCBM. In the approximation 
that No= NobJend this leads to the following solution for n(x): 

(4.12) 

At the Al electrode the current density now becomes (using equation (2.13)): 

Jex(O)= q~ex (Gblendre) (4.13) 

In a similar way, the diffusion of remaining holes towards the ITO/PEDOT electrode 
can be calculated, yielding: 

(4.14) 

But only the region with width Le is active within the blended part with total width wh. 
Therefore, the total hole current density will be: 

(4.15) 

Equations ( 4.13) and ( 4.15) are expressions for respectively the photogenerated 
electron current density en hole current density in the bulk heterojunction. The sum of 
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these expressions gives an estimate of the total short-circuit current generated by the 
device. 

Jsc = qDex ( Gblendre)- qLhLe Gblend 
Z wh 

(4.16) 

Now it is also possible to write wh as a function of We. The density of PCBM [18] is 

PPcBM - l.5g / cm
3

. The density of MDMO-PPV as bulk material 1s 

PMDMO-PPV - l.Og I cm
3

. In MDMO-PPV/PCBM blends in a 1 :4 weight ratio there are 

for every gram ofMDMO-PPV, 4 grams of PCBM. This means that for every 2 grams 
of MDMO-PPV/PCBM 1:1 blend, there are 3 grams of PCBM. Using the densities 
mentioned, this results in a volume ratio of: 

VPCBM 6 7'( 7 )' h 

f(," ~5~ "(i+w,)'h-1'(i)'h 
(4.17) 

with h the height of the cylinders or the distance between the Al and the ITO contact. It 
follows: 

w2 _e 
6 4 = 
5 2 

wewh +wh 
(4.18) 

(4.19) 

which means the ratio of we and wh becomes: 

6+ /36+4·~·6 
we = V 5 4 ~ 5.65 
wh 2·-

(4.20) 

4 

Inserting this in equation ( 4.16), a relationship between the short-circuit current Jsc and 
the width of the PCBM channel We is obtained: 

J qDex (G ) 5.65qLhLe G 
se= f L D / D blend'fe - W blend 

'\/ e we ex ey e 

(4.21) 

The diffusion constants Dex, Dey and Dhx are calculated using the Einstein relations 
(2.15). Geens et al. estimated the mobilities from FET measurements (Figure 4.18). For 
the electron mobility in the PCBM channel, the electron mobility of pristine PCBM is 

used (µex - 10-3 
cm

2 
/ Vs ). The electron mobility /ley and the hole mobility µhx in the 1: 1 

blended phase are based on the trends observed in Figure 4.18, yielding values 

µey - 10-5 
cm

2 
/ Vs and µhx - 10-3 cm2 

/ Vs . This gives the following diffusion constants 

at room temperature: 
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0 20 

D ex = 2.525x10-5 cm2 
/ s 

D ey = 2.525x10-7 cm2 
/ s 

Dhx = 2.525x10-5 cm2 Is 

40 60 80 
0/o PCBM 

(4.22) 

Figure 4.18 Overview of the hole (0) and electron ( •) field-effect mobilities of blends of 

MDMO-PPVand PCBM plotted as a function of concentration ratio. The ellipse indicates 
the mobilities of the typical 1 :4 photovoltaic blends [18). 

Geens et al. [18] supposed the electron and hole carrier lifetimes are equal (Te= Th = r). 
By inserting the initia! short circuit current and the corresponding width of the PCBM 
channel into equation (4.21), T was calculated. For the experiments in section 4.1 the 
absolute short circuit current for the non-annealed solar cells was about 7 .5mA. The 
magnitude of the PCBM areas was about 1 OOnm. This results in a carrier lifetime of: 

re =rh =r~7.5µs (4.23) 

For simplicity the generation rate of free electron-hole pairs in the 1: 1 region is copied 
from [18]: 

Gblend ~ 3x 1021 cm-3 
/ s 

The diffusion lengths Le and Lh are calculated using equations (2.20) and (2.21 ): 

Le =~Deyr =l.376xl0-6 cm 

Lh =~Dhxr =l.376xl0-5 cm 

(4.24) 

(4.25) 

With all this, it is possible to calculate We for a given short circuit current. For the 
absolute short-circuit values of the experiment mentioned in section 4.1 the results are 
presented in Figure 4.19. The model predicts that the PCBM areas become larger. For 
an annealing temperature of 110°C the diameter of the PCBM rich areas increases from 
lOOnm to 140nm and for an annealing temperature of l 10°C, the diameter increases 
from 1 OOnm to 200nm. However, these values do not come close to the size of the 
PCBM clusters, shown in Figure 4.11 - Figure 4.12, which increase up to 2 µm. 
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Figure 4.19 Absolute short-circuit current values from section 4.1 together with the width 
of PCBM channels calculated using the model proposed by Geens et al. 

The model developed by Geens et al. is not capable of relating the performance 
degradation in section 4.1 to the morphological changes in section 4.2. An enhancement 
of the model can be found in the determination of the electron and hole mobilities. 
Geens et al. used field effect mobilities. However, in field effect transistors the hole 
mobility of MDMO-PPV is three orders of magnitude larger than the hole mobility in 
light-emitting diodes or solar cells [19]. This enhancement is a result of the dependence 
of the mobility on charge-carries density, which is several orders of magnitude higher 
in a transistor than in a solar cell [ 19]. Mihailetchi et al. [20] determined the mobilities 
directly from IV-measurements performed on solar cells. His results are presented in 
Figure 4.20. 
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Figure 4.20 Hole (triangles} and electron (circles} mobilities of blends of MDMO-PPV and 
PCBM, determined directly from IV-measurements performed on solar cells, plotted as a 

function of concentration ratio [20]. 

Now the electron and hole mobility in the model of Geens et al. can be replaced by the 
mobilities determined by Mihailetchi et al. (Figure 4.20). The electron mobility in the 
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PCBM channel becomes µex ~ 1 o-7 cm2 /Vs. For the 1: 1 blended phase, the mobilities 

become µey ~ 7x1 o-s cm2 
/ Vs and µhx ~ 2x10-9 cm 2 /Vs. This change in mobilities 

results in changes in the diffusion constants at room temperature: 

Dex: = 2.525x10-9 cm2 
/ s 

Dey = l.768xl0-9 cm2 
/ s (4.26) 

Dhx = 5.050x 10-11 cm2 
/ s 

The carrier lifetime is calculated again so that a short-circuit current of 7.5mA/cm2 

corresponds to a PCBM size of 1 OOnm: 

(4.27) 

Note that this lifetime is several orders of magnitude larger than the previous calculated 
lifetime. In general, the lifetime should lie between 250µ.s and a few tens of 
milliseconds [21]. Tuis second lifetime satisfies this condition while the first lay out of 
this interval. 

With ;, the diffusion lengths Le and Lh also change: 

Le= ~Deyr = 8.196x 10-6 cm 

Lh =~Dhxr =l.385x10-7 cm 
(4.28) 

This leads to the new graph shown in Figure 4.21. The use of mobilities determined by 
Mihailetchi et al. apparently does not cause a large difference in the calculated sizes of 
the PCBM clusters. Now the diameter of the PCBM rich areas increases from 1 OOnm to 
145nm for an annealing temperature of 110°C and it increases from lOOnm to 220nm 
for an annealing temperature of 110°C. These values still do not come close to the size 
of the PCBM clusters, shown in Figure 4.11 - Figure 4.12. 
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Figure 4.21 Absolute short-circuit current values from section 4.1 together with the width 
of PCBM channels calculated using the model proposed by Geens et al. 

A possible flaw of the model could be the fact that it assumes continuous separated 
channels for the electrons and holes between the two electrodes, while in reality 
percolation occurs. Another reason for the deviation between the experiments and the 
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model could be the formation of the large clusters of PCBM. These large chunks can 
grow out of the active layer, with the result that the model can no longer be applicable. 

4.4 The effect of pre-annealing on the thermal stability of 
P3HT 

The previous sections showed that the active layer in a solar cell is a highly unstable 
system. A suggestion for the improvement of the thermal stability is a pre-annealing 
treatment [14]. The performance of P3HT/PCBM solar cells can be enhanced by an 
annealing treatment of 5 minutes at 75°C [22]. Upon cooling to room temperature or 
normal operating temperature (possibly up to 75°C in full sun light), it may be expected 
that no further changes in morphology occur as the device has already been annealed at 
that temperature. 

To test this statement, P3HT/PCBM (1:1) films of lOOnm were spincoated on glass 
substrates. Half of the samples were annealed at 75°C for 5 minutes. Then the samples 
were put in an oven at 50°C. One sample with and one sample without pre-annealing 
treatment were kept aside as reference samples. After a certain time (1 day, 1 week, 2 
weeks, 4 weeks) had elapsed, one sample with and one without pre-annealing treatment 
were removed from the oven. 

Figure 4.22 and Figure 4.23 show TEM images of respectively the samples without and 
the samples with a pre-annealing treatment. For the samples without pre-annealing 
treatment, some phase separation between P3HT and PCBM seems to occur after being 
in the oven at 50°C for 24 hours. The morphology does not change more when the 
samples have been in the oven for 1 or 2 weeks. After 4 weeks in the oven some larger 
bright areas appear which indicate P3HT-rich areas. The samples with the pre
annealing treatment show some phase-separation before they are put in the oven at 
50°C. After being in the oven, no significant morphology changes could be observed. 

Figure 4.22 P3HT/PCBM (1:1) films without thermal annealing, put in an oven at 50°C for 
a) 0 minutes, b) 24hours, c) 1 week, d) 2weeks, e) 4 weeks. 
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Figure 4.23 P3HT/PCBM (1 :1) films. After a thermal annealing of 5 minutes at 75°C, they 
were put in an oven at 50°C fora) 0 minutes, b) 24hours, c) 1 week, d) 2weeks, e) 4 

weeks. 

The morphology changes in both the samples with as well as without the pre-annealing 
samples are so small that no conclusions can be made regarding the effect on the 
stability of the layers. 

To speed up the process, the same experiment was done hut now with P3HT/PCBM 
(1 :2) blends and the oven was heated up to 60°C. Figure 4.24 and Figure 4.25 show 
TEM images of respectively the samples without and with an annealing treatment (5 
minutes at 75°C). Now the morphology changes are a bit more clear. For the samples 
without pre-annealing, very small fibre-like structure appear after being 24 hours in the 
oven at 60°C. These structures become clearer as the samples have spent a longer time 
in the oven. The samples with the pre-annealing treatment already show fibre-like 
structures before being put in the oven and these structures are bigger than the 
structures formed in the samples without pre-annealing treatment. After being in the 
oven at 60°C, the number of fibre-like structures increases and after having spent a long 
time (29 days) in the oven, some larger structures appear. 
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Figure 4.24 P3HT/PCBM (1 :2) films without thermal annealing, put in an oven at 60°C for 
a) 0 minutes, b) 1day, c) 7days, d) 14 days, e) 29days. 

Figure 4.25 P3HT/PCBM (1 :2) films. After a thermal annealing of 5 minutes at 75°C, they 
were put in an oven at 60°C fora) 0 minutes, b) 1day, c) 7 days, d) 14 days, e) 29days. 

The origin of these fibre-like structures can be found by looking at the SAED pattems 
of the samples. With the naked eye, no real differences in these pattems can be 
observed hut by looking at the residual intensity graph (Figure 4.26), a clear evolution 
can be seen. The peaks at 2 A, 3.1Aand4.6 A area result of PCBM molecules [15]. At 
3.8 A, some evolution in the intensity can be seen. The peak appearing here can be 
attributed to the superposition of the 002 and 020 reflections from the crystal planes of 
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semi-crystalline P3HT [23]. Taking a closer look at this peak (Figure 4.27) allows 
seeing how it evolves as a function of the time spent in the oven at 60°C. The sample 
without annealing treatment does not show any peak, which means no crystalline P3HT 
is present. The sample with an annealing treatment shows a small peak, which indicates 
that the fibre-like structures in Figure 4.25 are P3HT crystals. After being 1 day in the 
oven at 60°C, both the peaks of the pre-annealed and the non-annealed sample grow a 
bit. After having spent 7 days in the oven, the peaks of the sample with the pre
annealing and without the pre-annealing have the same height. F or longer times in the 
oven, the height of the peaks fluctuates around this value. Since the peak for the non
annealed samples does not outrun the peak of the pre-annealed sample, it does not seem 
that the samples with the pre-annealing treatment are more stable. 
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Figure 4.26 lntensity of the diffraction rings in the SAED patterns vs. d-value. 
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4.2 

4.5 Thermal stability of a polymer with high glass transition 
temperature 

Another suggestion to improve the thermal stability of solar cells is the use of high-T g 
polymers [14]. The MDMO-PPV used in the previous sections had a Tg of about 45°C. 
To test the hypothesis of a better thermal stability for polymers with a high T g, a 
specially designed PPV ( see section 2.1) with a glass transition temperature of about 
150-160°C was available. 

Solar cells with an active layer of 'High Tg PPV'/PCBM 1:4 were made. An annealing 
temperature of 110°C was chosen because this was the highest temperature for the 
experiments with MDMO-PPV. However, the new PEDOT-PSS, the new batch of 
PCBM and also ITO samples of 200nm thickness (instead of IOOnm) were used. 
Therefore, some new MDMO-PPV based solar cells were made and annealed at 110°C 
to serve as a reference. The results are shown in Figure 4.28 - Figure 4.31. 

The short-circuit current for the high T g PPV solar cells drops to 93% of its original 
value after 16 hours of annealing at 110°C while the short-circuit current for the 
MDMO-PPV solar cells fell to 38% of its original value. This gives a difference of 55% 
in the decay of the short-circuit current. The difference in fill factor decay is about 69% 
(92% for high T g PPV and 23% for MDMO-PPV) and the difference in efficiency 
about 75% (78% for high T g PPV and 3% for MDMO-PPV). These results clearly show 
a better thermal stability for the high T g PPV. 
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Figure 4.28 Decay of the relative short circuit current as a function of annealing time at 
110°C for solar cells based on high T9 PPV/PCBM and on MDMO-PPV/PCBM. 
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Figure 4.29 Decay of the relative open circuit current as a function of annealing time at 
110°C for solar cells based on high T9 PPV/PCBM and on MDMO-PPV/PCBM. 
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Figure 4.31 Decay of the relative efficiency as a function of annealing time at 110°C for 
solar cells based on high T g PPV/PCBM and on MDMO-PPV/PCBM. 

The morphology of the active layers of the high T g PPV solar cells was also examined 
with TEM. These TEM images are presented in Figure 4.32. Some PCBM clusters 
appear after 16 hours of annealing (in picture e one small PCBM cluster can be seen). 
Crystallisation of PCBM was again confirmed by the diffraction pattem, where light 
spots appeared. 

Figure 4.32 TEM images of the active layer of high T g PPV/PCBM 1 :4 solar cells. The 
solar cells were annealed at 110°C fora) Oh, b) 1h, c)2h, d)4h, e) 16h. 

Comparing the TEM images of this high T g PPV /PCBM blends with the TEM images 
of the MDMO-PPV /PCBM blends in Figure 4.12 shows a clear difference in the 
crystallisation rate of PCBM. For the MDMO-PPV/PCBM blends, crystals already 
began to appear after 0.5h annealing at 110°C. After 2 hours of annealing, the 
crystallisation process seemed complete. For the high T g PPV /PCBM blends, 
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crystallisation has just begun after 16 hours of annealing. These TEM images confirm 
the IV measurements in Figure 4.28 - Figure 4.31: the active layer based on a polymer 
with a high glass transition temperature is more stable. 
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5 Conclusions and outlook 
A big bottleneck for the introduction of organic solar cells in real life applications is the 
stability of the active layer. Especially for outdoor application where they operate in 
full sunlight, they have to resist fairly high temperatures. In this thesis the effect 
thermal treatment on the stability of organic solar cells has been studied by submitting a 
set of cells to various annealing conditions and by investigating both the resulting 
photovoltaic characteristics and the film morphology. 

It was shown that solar cells based on the reference material MDMO-PPV showed large 
efficiency decays when a thermal treatment was applied. The short circuit current was 
more sensitive than the open circuit voltage. For an annealing temperature of 100°C, 
the short circuit current dropped to 75% of its initial value after 16 hours of annealing. 
For an annealing temperature of 110°C, it even dropped to 55% of its initial value after 
16 hours of annealing. The application of the Arrhenius equation on these results 
yielded an activation energy of leV meaning an _acceleration of degradation with a 
factor 2 for every 10°C of temperature increase. 

The thermal treatment resulted in significant changes in the morphology of the active 
layer. PCBM clusters and crystallises when the solar cells are annealed. The size of the 
PCBM clusters went up to 2µ,m. This clustering had saturated after 16 hours of 
annealing at 100°C and already after 2 hours of annealing at 110°C. 

A model developed by Geens et al. to link the short circuit current and the morphology 
of the active layer was applied to the observations. An adjustment was made for the 
electron and hole mobilities; they were taken from Mihailetchi et al. However, the 
model was not capable to link the decay in short circuit current to the size of PCBM 
clusters that appeared after annealing. This is attributed among others to the fact that 
the model assumes continuous transport channels for electrons and holes between the 
two electrodes, while in reality percolation occurs. 

Two possible improvements for the thermal stability of the active layer were tested. 
The effect of a pre-annealing treatment of P3HT based active layers on the stability of 
the layers was tested. The experiments with and without the pre-annealing treatment did 
not show significant differences, so pre-annealing did not seem to improve thermal 
stability. On the other hand, the use of a polymer with a higher glass transition 
temperature did show more stable efficiencies and a more stable morphology. For an 
annealing temperature of l 10°C, the short circuit current only dropped to 92% of its 
original value after 16 hours of annealing and in the TEM images, some PCBM clusters 
just appeared after 16 hours of annealing. 

For further studies, it would be interesting to perform an in-situ monitoring of the 
photovoltaic parameters at various temperatures, with and without light. For this 
purpose, the necessary equipment is under construction at IMO with which is it 
possible to do N-measurements while heating the solar cell. Contrary to ex-sity 
experiments, less solar cells would have to be made and N -measurements could be 
done at a large number of annealing times. With this approach, a solid Arrhenius 
analysis and lifetime predictions could be obtained. 
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