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 It seems plain and self-evident, yet it needs to be said: the isolated 

knowledge obtained by a group of specialists in a narrow field has in 

itself no value whatsoever, but only in its synthesis with all the rest of 

knowledge and only inasmuch as it really contributes in this synthesis 

toward answering the demand, "Who are we?" 

Erwin Schrödinger 
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Chapter 1 

Introduction  

At present, large expectations are set for photovoltaics, including solar cells based on polymer 

materials, to become a significant energy supplying technology by the end of this century. This 

chapter introduces the concept of polymer solar cells and the key factors determining their 

efficiency, with emphasis on the role of morphological organization of the photoactive layer. The 

latter is typically a 100 to 200 nm thick film consisting of a blend of two materials: an electron donor 

(such as a semi-conducting polymer) and an electron acceptor (such as a fullerene derivative or 

another polymer). The main requirements for morphology of efficient photoactive layers are 

nanoscale phase separation to obtain a high donor/acceptor interface area (and hence efficient 

exciton dissociation), short and continuous percolation pathways leading through the layer 

thickness to the top and bottom electrodes (for efficient charge transport and collection), and 

preferably high crystallinity of both donor and acceptor materials (for high charge mobility). The 

parameters influencing the morphology formation of photoactive layers, such as type of solvent 

used for processing, the ratio between donor and acceptor, thermal annealing, etc., are also 

considered in this chapter in some detail. Finally, the scope of the project and the outline of the 

thesis are presented.  
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1.1 Solar Energy and State-of-the-Art Solar Technologies 

In this century, the worldwide energy consumption is expected to grow on average with 1.5% to 
2.0% per year.1 The current economic crisis (2009) may slow this growth down for a few years but 
it is unlikely to change the major picture. This trend is mostly driven by the expected growth of the 
overall population (6.5 billion in 2008, about 9 billion expected in 2100)2 and the increase in the 
quality of life and access to consumption for an increasing part of the world population. Most of the 
energy (80%) is presently derived from the combustion of fossil fuels, such as oil (35%), coal 
(24.5%) and natural gas (20.5%).3 However, the world’s resources of fossil fuels will one day be 
depleted: e.g. the peak of oil extraction is expected by many to occur already before 2030, followed 
by a terminal decline of extraction.4 Moreover, the use of fossil fuels releases such significant 
amounts of greenhouse gasses (CO2, CH4, N2O) that, in case of a business-as-usual scenario, 
there is a high probability that the global temperature will increase with 2-5 ºC in this century. In the 
worst case (of 5 ºC), the global warming will irrevocably disturb the equilibrium of > 40% of global 
ecosystems and endanger existence of the majority of species worldwide.5  

The common consensus nowadays is that efforts should be taken to limit the emissions of 
greenhouse gasses such that the temperature rise in this century would not exceed 2 ºC. In the 
coming decades, this might be facilitated by capturing most of the CO2 produced by combustion of 
fossil fuels and storing it away from the atmosphere, e.g. in the emptied natural gas reserves 
(Carbon Capture and Sequestration). On the longer term, however, alternative - renewable - 
energy technologies must be developed and implemented on a large scale to prevent the rapid 
global warming and to continue meeting the humanity’s energy needs.  

Solar radiation is the renewable energy source with practically unlimited access. The amount of 
solar energy reaching the surface of the planet is so vast that in one year it is about twice as much 
as will ever be obtained from all of the Earth's non-renewable resources of coal, oil, natural gas, 
and mined uranium combined.6 The total annual solar energy striking the Earth’s surface is 
estimated to be about 7700 times the current world annual energy consumption, and a part of it 
corresponding to 100 times the current world energy consumption should be realistically 
exploitable.7  

The solar energy can be utilized in two major ways: by means of concentrated solar power 
(CSP) technologies aiming at collecting solar heat, concentrating it between 50 and 50000 times 
and then converting it into electricity; and by direct conversion of sunlight into electricity in a 
photovoltaic (PV) process (eventually with the use of solar concentrators too). Today, large 
expectations are set for photovoltaics to become a significant energy supplying technology by the 
end of this century.8  

The photovoltaic effect was discovered by Alexandre-Edmond Becquerel in 1839 when he 
observed that certain materials would generate electric current when exposed to light.9 The first PV 
device based on crystalline silicon with a conversion efficiency of 6% was demonstrated in 1954 by 
Chapin et al.10 In recent years, the record efficiency of crystalline Si cells has been increased to 
24.7% and that of GaAs cells to 26.1% (all under standard test conditions of global AM 1.5 
spectrum, light intensity of 1000 W/m2 and cell temperature of 25 ºC).11,12 The latter is also the 
present record for single junctions. Multijunction cells (such as GaInP/GaAs) show somewhat 
higher efficiencies of 30-32%, while the highest up to now solar cell efficiency of 40.8% has been 
obtained in a triple-junction of GaInP/GaAs/GaInAs in combination with solar concentrators (viz. 
326 suns concentration).12,13 

Although silicon solar cells were perceived in the past as far too expensive for terrestrial 
applications, they currently dominate the PV market with a market share of over 90%. The 
remainder of the PV market is taken by solar cells based on (inorganic) thin film technologies, such 
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as hydrogenated amorphous silicon (a-Si:H), cadmium telluride (CdTe), and copper-indium-gallium-
selenide CuInxGa1-xSe2 (abbreviated as CIGS). These thin film solar cells show somewhat lower 
efficiencies than crystalline silicon, with current record values of 9.5% for a-Si:H cells, 16.7% for 
CdTe and 19.4% for CIGS cells (efficiencies of the corresponding complete modules being typically 
several per cent lower).12 These thin film solar cells have, however, similarly high stability as silicon 
cells (lifetime of ca. 20-25 years) and require lower energy input to make, with as a result shorter 
energy payback time, viz. 2-4 years instead of 4-8 years for conventional silicon cells. The 
disadvantages include possible risks of environmental pollution (CdTe) and shortage of raw 
materials (In, Cu).  

Another type of thin film solar cells is a dye-sensitized solar cell (also known as Grätzel cell) 
that consists of a layer of titanium dioxide impregnated with a photosensitive ruthenium-
polypyridine dye and the (liquid) iodide electrolyte.14 With reasonably high efficiencies (around 
11%)12,14 and stabilities, this type of solar cells has one major disadvantage, namely the use of 
volatile solvents in their electrolyte, which limits their practical application. The search for 
alternative solid dye-sensitized solar cells continues but performance of the liquid-based prototypes 
has not yet been matched.15,16 

 

1.2 Polymer Solar Cells 

In recent years, an alternative type of thin film solar cells has been intensively studied, viz. organic, 
or polymer(-based), solar cells that use organic electronic materials, such as polymer 
semiconductors, for light absorption and charge transport.17,18 Despite comparatively low 
efficiencies of 5-6% achieved so far (with the modelling studies predicting 10-11% efficiencies 
attainable19) and rather low stabilities (presently one or two years at maximum)20, polymer solar 
cells have a distinct advantage over inorganic counterparts, viz. fast and low-cost manufacturing 
process. They can be fabricated by processing polymers, eventually together with other organic 
materials, in solution and depositing them by printing or coating in a roll-to-roll fashion. Thanks to 
the speed and ease of the manufacturing process, the energy payback time of polymer solar cells 
may, according to some estimates, be limited to several weeks only.8 Additional advantages 
include lightweight and flexibility of organic materials, enabling fast and easy applications on curved 
surfaces.  

Polymer solar cells (PSCs) are still in the research and development phase. To bring them 
closer to the stage of practical efficient devices, several issues should still be addressed, including 
further improvements of their efficiency and stability. These, in turn, are determined to a large 
extent by the morphological organization of the photoactive layer, i.e. layer where light is absorbed 
and converted into electrical charges.  

The general scope of this project was to look into the ways how the morphology formation of 
ultra-thin (100-200 nm) donor/acceptor photoactive layers prepared via solvent-based techniques 
can be controlled and manipulated, and to establish the relationships between the (three-
dimensional) morphological organization of photoactive layers and the PSC performance.  

Below, the operation principles of polymer solar cells and the role of photoactive layer 
morphology will be considered in some detail, but first a few words should be said about 
characterization of solar cells.  
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1.3 Measuring Solar Cell Performance  

The performance of solar cells is characterized by so-called J-V curves, viz. current density J 
versus voltage V, taken by preference under standard test conditions of the AM 1.5 global solar 
spectrum, light intensity of 1000 W/m2 and temperature of a solar cell of 25 ºC. The term AM 1.5 
(air mass 1.5) global spectrum21 refers to the spectral irradiance distribution on a surface facing the 
sun with a solar zenith angle of 48.19º (when the mass of air that the direct solar beam travels 
through is 1.5 times larger than for the sun at zenith, the latter corresponding to air mass 1.0).  

A typical J-V curve is shown in Figure 1.1. In practice, solar cells are operated at a certain 
voltage (Vmax) corresponding to the maximum power point. The maximum power extracted from the 
cell (Pmax = Jmax Vmax) can also be described as a product of three other parameters: the current 
density under short circuit conditions (Jsc), voltage under open circuit conditions (Voc) and fill factor 
(FF). The fill factor is a measure of ideality of a J-V curve: the more square-like is its shape, the 
higher is FF (the closer is its value to 1). The power conversion efficiency (η) of a solar cell is 
determined as the ratio between the maximum power (Pmax) and the incident light power (Pincident).  

The values of Jsc, Voc, and FF provide a more complete picture of the solar cell performance, 
as will be evident from the description below (see also Scheme 1.1), and are typically used in all 
discussions along with the values of power conversion efficiency η.  
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Figure 1.1  A typical J-V curve for an illuminated solar cell device, together with values extracted from it (see 
text for more details). The subscripts max, oc and sc refer to maximum, open circuit and short circuit, 
respectively.  

 

 

1.4 Requirements for Morphology of Photoactive Layers of PSCs 

There is a principal difference in operation of solar cells based on inorganic semiconductors and 
organic (polymer) semiconductors, governed by a different magnitude of the exciton binding energy 
(exciton = bound electron-hole pair) in these materials. In many inorganic semiconductors, the 
exciton binding energy is small compared to the thermal energy at room temperature and therefore 
free charges are directly created under ambient conditions upon absorption of a photon of light.22 
An organic semiconductor, on the other hand, typically possesses an exciton binding energy that 
exceeds kT roughly by more than an order of magnitude.23 As a consequence, excitons do not 
directly split into free charges in organic semiconductors and an additional mechanism is required 
to achieve this.  

A successful way to dissociate excitons formed in organic semiconductors into free charges is 
to use a combination of two materials: an electron donor (the material with low ionization potential) 
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and electron acceptor (the one with large electron affinity). At the donor/acceptor interface, an 
exciton can dissociate into free charges by rapid electron transfer from the donor to acceptor.24,25 
Afterwards, both charge carriers move to their respective electrode when electrode materials are 
chosen with the proper work functions.17 Significant photovoltaic effects of organic semiconductors 
applying the heterojunction approach have first been demonstrated by Tang in the 1980s.26 A thin-
film, two-layer organic photovoltaic cell has been fabricated that showed a power conversion 
efficiency of about 1% and a large fill factor of 0.65 under simulated AM 2 illumination. 

The external quantum efficiency ηEQE of a photovoltaic cell based on exciton dissociation at a 
donor/acceptor interface is ηEQE = ηA x ηED x ηCC, with the light absorption efficiency ηA, the exciton 
dissociation efficiency ηED, which is the fraction of photogenerated excitons that dissociate into free 
charge carriers at a donor/acceptor interface, and the carrier collection efficiency ηCC, which is the 
probability that a free carrier generated at a donor/acceptor interface by dissociation of an exciton 
reaches its corresponding electrode.27 Donor/acceptor interfaces can be very efficient in separating 
excitons: systems are known in which the forward reaction, the charge generation process takes 
place on the femtosecond time scale, while the reverse reaction, the charge recombination step, 
occurs in the microsecond range.28 The typical exciton diffusion length in most organic 
semiconductors is, however, limited to 5-20 nm.29-33 Consequently, acceptor/donor interfaces have 
to be within this diffusion range for efficient exciton dissociation into free charges. 
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Figure 1.2  Schematic two-dimensional representation of a bulk-heterojunction structure, together with 
chemical structures of the most common electron donor and electron acceptor materials (also the ones 
studied in this project): methanofullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), poly(2-
methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene-vinylene) (MDMO-PPV), and poly(3-hexylthiophene) 
(P3HT). The common device structure is depicted here, with a photoactive layer sandwiched between an 
electron collecting electrode (typically metal, such as Al) and a hole collecting transparent electrode of indium-
doped tin oxide (ITO).  

 

Independently, Yu et al. and Halls et al. have addressed the problem of limited exciton diffusion 
length by intermixing two conjugated polymers with different electron affinities34,35 or a conjugated 
polymer with C60 molecules or their methanofullerene derivatives36. Since phase separation occurs 
between the two constituents, a large internal interface is created so that most excitons are formed 
near the interface and are thus able to dissociate at the interface. In case of the polymer/polymer 
intermixed film, evidence for the success of the approach has been found in the observation that 
the photoluminescence from each of the polymers was quenched. This implies that the excitons 
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generated in one polymer within the intermixed film reach the interface with the other polymer and 
dissociate before decaying. This device structure, a so-called bulk-heterojunction (Figure 1.2), 
provides a route by which nearly all photogenerated excitons in the film can split into free charge 
carriers. At present, bulk-heterojunction structures are the main candidates for high-efficiency 
polymeric solar cells.  

Nanoscale phase separation between the donor and acceptor components dictated by a limited 
exciton diffusion length is not the only requirement for morphology of photoactive layers of bulk-
heterojunction PSCs. Once free charges are formed upon exciton dissociation, they should be 
transported through the donor and acceptor phases towards the corresponding electrodes: holes 
through the donor phase to the hole collecting (positive) electrode and electrons through the 
acceptor phase to the electron collecting (negative) electrode. Thus the nanoscale phases of donor 
and acceptor should form continuous, and preferably short (to minimize charge recombination), 
percolation pathways leading to the positive and negative electrode, respectively.  

Additionally, the transport of charge carriers can be enhanced if donor and/or acceptor (ideally 
both) are characterized by high mesoscopic order and crystallinity.37,38 Also, transport and 
collection of charges should be facilitated in case where there is enrichment of the acceptor 
material at the side of a photoactive layer close to a negative (metal) electrode and enrichment of 
the donor material close to a positive electrode (such as commonly used indium-doped tin oxide, or 
ITO).39,40 Such favourable concentration gradients of donor and acceptor materials through the 
thickness of the active layer should ensure that percolation pathways leading to electrodes are 
short and limit possibilities of charge recombination.  
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Scheme 1.1  The key factors determining the power conversion efficiency (η) of bulk-heterojunction PSCs, 
together with parameters of solar cell device performance: short circuit current density Jsc, open circuit voltage 
Voc and fill factor FF. All three basic processes: light absorption (characterized by efficiency ηA), exciton 
dissociation (ηED) and transport and collection of charges (ηCC) should be efficient in order to get efficient 
PSCs. The efficiency determining factors are listed under each step; those dealing with photoactive layer 
morphology are shown in bold. See text for more details.  
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The efficiency of a bulk-heterojunction PSC is thus largely dependent on the local nanoscale 
organization of the photoactive layer in all three dimensions. The key requirements for efficient 
PSCs, including those dealing with photoactive layer morphology, are listed in Scheme 1.1, 
together with the parameters of device performance (Jsc, FF, Voc, η).  

The short circuit current Jsc generated by a solar cell is found at the end of the whole chain 
(see Scheme 1.1): it is determined by the external quantum efficiency ηEQE, i.e. efficiency of all 
basic processes of the PSC operation as discussed above, viz. light absorption, exciton 
dissociation at the donor/acceptor interface, and transport and collection of free charges at the 
electrodes. The meaning of the fill factor (FF) is more specific: a higher FF implies an improved 
balance of electron and hole transport, low traps and negligible space-charge effects.19,41 

The open circuit voltage Voc scales with the energy difference between the lowest unoccupied 
molecular orbital (LUMO) of the acceptor material and the highest occupied molecular orbital 
(HOMO) of the donor.42,43 Lower values of Voc obtained experimentally have been attributed to the 
band bending created by accumulated charges at each electrode, with associated losses of ~0.2 
eV per electrode.42,44 Recent studies indicated, however, that Voc may be determined by the single 
occupied molecular orbital (SOMO) of the donor (i.e. the low-energy polaronic level) rather than its 
HOMO level.45 It has also been reported that Voc is dependent on the probability of exciton 
dissociation into free charges46, presence of electron traps47, and mobility of free charges48, i.e. 
parameters that may be influenced by morphology (see Scheme 1.1). However, the impact of these 
parameters on Voc can usually be neglected46,48 and, for the present discussion, Voc can be 
considered as a pure materials property, independent of the photoactive layer morphology.  

Evidently, improvements in photoactive layer morphology will be directly reflected in higher 
values of Jsc and FF and hence higher overall power conversion efficiencies. To characterize 
morphology of typically 100-200 nm thick active layers, i.e. to attribute which morphological aspects 
exactly are involved in efficiency improvements (or deterioration), high-resolution microscopy 
techniques are widely used. Transmission Electron Microscopy (TEM), including conventional 
imaging and electron diffraction operation modes,37,49-51 Scanning Electron Microscopy (SEM)52,53 
and Scanning Probe Microscopy (SPM), in particular Atomic Force Microscopy (AFM)50,53-58, 
conductive AFM59,60 and Kelvin Probe Force Microscopy (KFM)61-63, have proved their versatility for 
characterization of morphology of photoactive layers. Scanning Near Field Optical Microscopy 
(SNOM) detecting photoluminescence64 or photocurrent65,66 has been applied as well.  

In these studies, some useful insights into the interplay between photoactive layer morphology 
and the corresponding device performance have been obtained. All of these techniques, however, 
have one important limitation: none of them can provide truly three-dimensional information on 
specimen’s organization, which limits their applicability for studying photoactive layers of PSCs. 
The technique that circumvents these limitations and provides 3D morphology information of a 
given specimen with the nanometre resolution in all three dimensions is electron tomography, also 
called transmission electron microtomography and 3D TEM.67-69 

 

1.5 Parameters Determining the Photoactive Layer Morphology Formation  

The following parameters have been identified as the most significant for their influence on the 
nanoscale morphology in the photoactive layers of bulk-heterojunction PSCs: the chemical 
structure of donor and acceptor materials, the solvent(s) used for processing, concentration in 
solution, the ratio between donor and acceptor, and post production treatments such as thermal 
annealing or exposure to solvent vapour.52,70 Some examples of how these parameters affect 
photoactive layer morphology formation and hence device performance are considered below.  
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Since the photoactive layer is deposited from solution, mainly via spin-coating or drop-casting, 
the morphology determining parameters can be classified into two groups: due to thermodynamic 
aspects and due to kinetic effects that mainly play role during the thin-film formation process. 
Thermodynamic aspects are reflected in the chemical structure of the donor and acceptor 
compounds determining to a large extent their solubility in different solvents and the interaction 
(miscibility) between these compounds taken in a certain ratio. The kinetic aspects have to do with 
duration of film formation (influenced e.g. by the solvent’s boiling point, by solution viscosity, etc.), 
with the rate of crystallization in case of crystallizing materials, and with annealing treatments that 
enable the diffusion and crystallization of one or both compounds in the blend, leading to enhanced 
phase separation.  

Both thermodynamic and kinetic parameters show comparable significance in determining the 
morphology of the photoactive layer. Thermodynamics will, however, drive (and kinetics may limit) 
eventual morphological reorganization after films have been formed, and thus determine the long-
term stability of the photoactive layer morphology and corresponding solar cell devices. 

Intensive morphology studies have been performed on polymer/fullerene systems, in which 
methanofullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) is applied (for its 
chemical structure see Figure 1.2).71,72 PCBM is by far the most widely used electron acceptor, and 
the most successful polymer solar cells have been obtained by mixing it with the donor polymers 
like poly(2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene-vinylene) (MDMO-PPV)54,73 and other 
PPV derivatives, with poly(3-alkylthiophene)s such as regioregular poly(3-hexylthiophene) 
(P3HT)38,74-77 or (less studied combination) with polyfluorenes78-80. PCBM has a tendency to 
crystallize by eventually forming micrometers-large bulky crystals; also in mixtures with amorphous 
materials having rather low glass transition temperature (Tg) like MDMO-PPV (Tg of 80 ºC).49,53,81 
On the contrary, the type of crystalline morphology formed by regioregular P3HT ranges from well-
dispersed nanowires to well-developed spherulites, depending on solution processing conditions.82 
Typically, P3HT crystallizes in thin films by forming crystalline nanowires with widths of around 15-
25 nm, height (or thickness) of just a few nanometres, and lengths of hundreds of nanometres or 
even a few micrometers (see Figure 1.3).38,70,83,84 
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Figure 1.3  Schematic representation of a crystalline P3HT nanowire (adapted from References 83 and 84). 
The unit cell parameters are: a = 1.68 nm, b = 0.38 nm and c = 0.78 nm. The typical heights are 3-7 nm 
(corresponding to 2-4 thiophene stacked chains), typical widths are around 15-25 nm (corresponding to 40-65 
thiophene repeats) and typical lengths may range from a few hundred nanometres up to a few micrometers.  

 

The influence of the solvent used for processing was first observed in MDMO-PPV/PCBM 
system when a strong increase in power conversion efficiency was obtained by changing the 
solvent from toluene (0.9% efficiency) to chlorobenzene (2.5% efficiency).54 The better 
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performance of MDMO-PPV/PCBM cells in case of using chlorobenzene (or o-dichlorobenzene) as 
a solvent rather than toluene, was found to be due to smaller (more favourable) scale of phase 
separation, viz. smaller PCBM-rich domains in the MDMO-PPV-rich matrix, formed during spin-
coating as a result of higher solubility of PCBM in chlorobenzene.49,50,54,85 

The evaporation rate of a solvent during film formation is also of importance. Even when a 
good solvent (chlorobenzene) is taken for MDMO-PPV/PCBM but its evaporation is slowed down 
(e.g. by using lower spin speed during spin-coating or by using drop-casting instead of spin-
coating), coarse phase segregation is observed in the resulting films similar to (faster) spin-coating 
from a less favourable solvent (toluene).49 Since a film has then a longer time to form and kinetic 
factors become less limiting, thermodynamically driven re-organization, viz. large-scale PCBM 
crystallization, takes place. Not surprisingly, thermal annealing of MDMO-PPV/PCBM boosts 
PCBM crystallization even further leading to formation of bulky PCBM crystals. Besides annealing 
conditions, the kinetics of their formation was also found to depend on a type of spatial confinement 
(in a free-standing film, PCBM clusters are formed much faster than in a film sandwiched between 
two substrates).86  

Besides the solvent used and the evaporation rate applied, the overall compound concentration 
and the ratio between two compounds in solution are important parameters controlling morphology 
formation. High compound concentrations induce large-scale phase segregation in MDMO-
PPV/PCBM during formation of the film.53 The maximum solubility of PCBM was determined to be 
roughly 1 wt % in toluene and 4.2 wt % in chlorobenzene (at room temperature), so that for 
concentrations above these critical concentrations aggregation of PCBM is anticipated already in 
the solvent and is enhanced even further during film formation.70  

For the systems of MDMO-PPV/PCBM and MEH-PPV/PCBM, the optimum ratio of the 
compounds was found to be 1:4,36 in spite of very low contribution of PCBM to light absorption and 
despite the fact that photoluminescence of the polymer is already quenched for much lower PCBM 
concentrations (less than 5%).31 A rather abrupt improvement in the device properties was 
observed for PCBM contents of around 67%, and it was accompanied by the onset of phase 
separation.56 Thus, it was concluded that charge transportation rather than charge separation is the 
limiting factor here and suggested that, only above this critical concentration, PCBM forms a 
percolating network within the polymer matrix. 

In general, thermal annealing is a useful way to probe morphological stability of photoactive 
layers. Apart from accelerating thermodynamically favoured changes in the layer morphology, mild 
annealing also mimics practical conditions as solar cells can easily heat up during operation to 
temperatures of around 60 ºC. Obviously, long-term stability of PSCs based on MDMO-PPV/PCBM 
is rather poor, due to the tendency of PCBM to crystallize by forming micrometers-large clusters in 
amorphous MDMO-PPV. Such large-scale crystallization implies that exciton dissociation becomes 
rather inefficient, and the quality of a percolating network of PCBM deteriorates too. The formation 
of large PCBM crystals can, however, be largely suppressed by choosing a polymer having a 
higher Tg (e.g. 138 ºC)87 than that of MDMO-PPV (80 ºC), so that diffusion of PCBM molecules in 
the blends is hindered (another example of interplay between thermodynamics and kinetics in 
these systems).  

The P3HT/PCBM system, where both components can crystallize as mentioned above (see 
Figure 1.3), differs in its behaviour and morphological organization from MDMO-PPV/PCBM 
blends. Here the best results, actually the best for all PSCs up to now, with power conversion 
efficiencies exceeding 5% and rather stable morphologies, are obtained for P3HT:PCBM ratios of 
around 1:1 after an annealing treatment, either at elevated temperature or during slow solvent 
evaporation (so-called solvent assisted annealing).77,88,89 Similar results are also attained by adding 
high boiling point additives like alkyl thiols into the solution of P3HT/PCBM as this slows down the 
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film formation during spin-coating due to longer solvent(s) evaporation time, analogous to solvent 
annealing.90,91 

Various reasons have been named to account for morphology changes causing efficiency 
improvement in P3HT/PCBM films upon annealing, such as increased crystallinity of P3HT,92 
favourable dimensions of (long and thin) P3HT crystals,83 suppressed formation of bulky PCBM 
clusters due to presence of P3HT crystals,37,77 improved absorption of the P3HT/PCBM films as a 
result of morphological changes in P3HT,55 improved hole mobility and hence more balanced hole 
and electron transport in P3HT/PCBM films.41,93,94 This list, however long it may seem, is not 
complete as it does not include details on morphological organization throughout the volume of the 
photoactive layer, such as quality of percolating networks of nanocrystalline P3HT and PCBM and 
the exact scale of phase separation.  

The examples just considered concerned polymer/fullerene PSCs but, in general, all the 
parameters influencing morphology formation are also valid for polymer/polymer systems95-99 and 
for hybrid systems, where semi-conducting polymers such as P3HT are combined with inorganic 
materials such as ZnO, TiO2 or CdSe.100-103 A potential advantage of all-polymer systems is 
improved absorption as compared with systems using poorly absorbing fullerenes, and hybrid solar 
cells form an attractive alternative because of a high dielectric constant (facilitating carrier generation 
processes) and a high carrier mobility of inorganic semiconductors, and the thermal morphological 
stability of the photoactive layers. 

 

1.6 Challenges and Outlook 

As evident from the above discussion, there is a complex interplay between different aspects that 
determine photoactive layer morphology during film formation, its eventual re-organization during 
post-production treatments and its long-term stability. Due to this complexity and due to the fact 
that the desired structure should form spontaneously by deposition from solution (to retain low-cost 
manufacturing), the optimal morphology is explored in practice by time-consuming optimization 
processes. However, increasing understanding of underlying structure-property relationships 
should make direct manipulations possible in the future.  

What complicates the matter is that the ideal photoactive layer morphology is characterized by 
different length-scales in the volume of the film (see Figure 1.4): for efficient charge separation, it 
should have phases of donor and acceptor materials in the order of 10-20 nm (in two dimensions) 
and, for charge collection, it should have percolation pathways through the whole thickness of the 
film, i.e. a few hundreds nanometres (in the third dimension). In addition, it is beneficial to have thin 
(within the exciton diffusion length) layers of pure donor phase at the hole collecting electrode and 
pure acceptor phase at the electron collecting electrode as this minimizes the losses by 
recombination of the wrong sign of charges at the wrong electrode, and thus increases FF.  
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Figure 1.4  Ideal structure of a bulk-heterojunction solar cell (not to scale).  
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The requirement of donor and acceptor phases of different length-scale in three dimensions 
makes the control of spontaneous morphology formation very challenging, especially in case of 
thicker photoactive layers. For optimum light absorption, the layer should ideally be at least 300 nm 
thick, whereas it is often observed that thinner films of ca. 100-150 nm perform better in bulk-
heterojunction PSCs even though they effectively absorb less light. Poor performance of thicker 
layers is typically attributed to enhanced recombination of free charges resulting from imperfect 
percolation pathways. Several attempts have been made to promote formation of such a well-
organized structure as depicted in Figure 1.4 by using an amphiphilic primary structure like diblock 
copolymers104, dyad structures105,106, and an inorganic (ZnOx or TiOx) template nanostructure filled 
with organic semiconductors107,108 but performance of the resulting solar cells has so far been lower 
than with conventional approaches.  

Here it should be said that, besides better morphology control, device performance can also be 
optimized by smart device architecture, e.g. by applying hole blocking layers,109 optical spacers to 
enhance light absorption in the layer of the same thickness110,111 and by using the tandem cell 
architecture,112-114 where two photovoltaic cells are added in series. In a tandem cell, it is possible 
to combine two, or more, thinner (more efficient) active layers and to use semiconductors with 
different bandgaps for more efficient light harvesting. Besides, since individual cells are added in 
series, the open circuit voltage of a tandem cell is directly increased to the sum of the Voc values of 
individual cells.  

Evidently, material properties of the donor and acceptor also have a direct impact on the 
performance of PSCs as they determine e.g. light absorption, mobilities of free charges, and the 
value of the open circuit voltage (see Scheme 1.1). So lot of efforts are now devoted to the 
synthesis of new materials, such as low band gap polymers115-117 (having better overlap with the 
solar spectrum than the state-of-the-art polymers) and alternative acceptors with a higher LUMO-
level than that of C60 or PCBM which will lead to better Voc values in the corresponding solar cell 
devices.118-120 

Finally, modelling studies show that with optimized energy levels of the donor and acceptor 
(determining their absorption and Voc of the corresponding solar cells), balanced electron and hole 
mobilities and optimized morphology, even in case of single bulk-heterojunction PSCs power 
conversion efficiencies of 10-11% should be within reach.19,44 

 

1.7 The Objective and Outline of this Thesis 

As already mentioned above, this project focuses on the aspect of the photoactive layer 
morphology: on how the morphology formation of ultra-thin (100-200 nm) donor/acceptor layers 
prepared via solvent-based techniques can be controlled and manipulated, with aim to obtain highly 
efficient bulk-heterojunction PSCs.  

Many studies of what determines morphology of photoactive layers and how it affects the 
corresponding device performance had already been carried out, and some useful insights had 
been obtained. What all the previous studies are lacking, however, is comprehensive morphology 
characterization in all three dimensions, such as characterization of percolation pathways within 
donor and acceptor phases and quantification of the scale of phase separation in the volume of the 
film. This knowledge on the local nanoscale three-dimensional (3D) organization of photoactive 
layers is currently missing, whereas it is essential in order to get high efficiency PSCs. 

In this project, among other techniques, the technique of electron tomography was applied for 
the first time to characterize the 3D morphology of bulk-heterojunction layers with the nanoscale 
resolution and to study correlations between 3D morphology and corresponding PSC performance. 
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In Chapter 2, the general principles of electron tomography are introduced and the most important 

aspects of this technique specific for the given type of specimens (polymer-based films) are 
considered in some detail.  

Chapter 3 presents the first results of application of electron tomography to three different 

polymer/fullerene systems, viz. MDMO-PPV/PCBM, polyfluorene/PCBM and P3HT/PCBM (see 
Figure 1.2 for chemical structures). These results form the first experimental evidence of existence 
of 3D networks in the efficient bulk-heterojunction photoactive layers. It has long been speculated 
that the volume of photoactive layers should consist of bi-continuous nanoscale interpenetrating 
networks of both donor and acceptor materials (following the morphological requirement of 
nanoscale phase separation and existence of percolation pathways) but it is for the first time that 
such networks are observed directly with nanometre resolution. In addition, the changes in the 3D 
morphology of the P3HT/PCBM layers obtained by an annealing treatment (at elevated 
temperature or during slow solvent evaporation) are analysed in detail. The favourable composition 
gradient, viz. enrichment of (crystalline) P3HT next to a hole collecting electrode, has been 
identified as one of the factors contributing to the improved performance of annealed P3HT/PCBM 
devices. 

The studies of the relationship between the 3D morphology and device performance in the 
most efficient up to now bulk-heterojunction system of P3HT/PCBM continue in Chapters 4, 5 and 
6. In Chapter 4 the morphological changes in P3HT/PCBM films of different thickness are studied 
with aim to analyze the reasons of rather high performance of relatively thin (100 nm) P3HT/PCBM 
layers and poor performance of thicker (200 nm) layers, which absorb more light but fail to convert 
it into the photocurrent. The level of P3HT crystallinity and the location of P3HT nanowires through 
the film thickness (composition gradient) have been found to be more crucial for the device 
performance than the level of absorption. This Chapter also contains a discussion on the types of 
gradients of P3HT and PCBM through the P3HT/PCBM film thickness as reported previously in 
literature and observed with electron tomography in this project (Section 4.7).  

In Chapter 5, the impact of the blend composition (viz. the ratio between P3HT and PCBM) on 
the 3D morphology and device performance is considered. In addition, a discussion is included on 
what kind of information can currently be obtained with electron tomography from the P3HT/PCBM 
datasets and what limits it (viz. poor contrast in TEM between these two carbon-based materials), 
followed by suggestions on how to tackle this limitation (see Section 5.7).  

In Chapter 6, our first attempts to form crystalline P3HT nanowires in solution are described. 

Having the P3HT nanowires in solution (dispersion) prior to the P3HT/PCBM film deposition should 
help to gain a better control over morphology formation of these layers. Two approaches to cause 
P3HT crystallization are considered: one is based on using mixed solvents (i.e. adding an excess 
of a poor solvent to a solution of P3HT in a good solvent) and the other approach is based on 
preparing a saturated solution of P3HT in one solvent at elevated temperature and then cooling it 
down to room temperature.  

Finally, Chapter 7 describes the most detailed up to now quantification of the 3D morphology 
of bulk-heterojunction photoactive layers as obtained by electron tomography. The nanoscale 3D 
morphology of the ZnO/P3HT layers is statistically analyzed for the scale of phase separation and 
percolation pathways, enabling to differentiate between charge generation and charge transport as 
limiting factors to the device performance. This elaborate quantification has been possible in this 
system owing to the high contrast (in TEM) between P3HT and ZnO.  
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Chapter 2 

Electron Tomography  

The technique of electron tomography (also referred to as transmission electron microtomography 

and 3D TEM) is a powerful tool to visualize at the nanometre scale and study in detail the three-

dimensional (3D) morphological organization of the photoactive layers of polymer solar cells. To 

reconstruct the 3D structure of a given specimen, electron tomography uses a series of 2D 

projections taken by TEM (Transmission Electron Microscope) at different angles by tilting the 

specimen with respect to the electron beam. In this chapter, the general principles of electron 

tomography are reviewed, including different aspects of tilt-series acquisition and alignment, and 

3D reconstruction methods. The factors affecting the resolution attainable with electron tomography 

and the sources of eventual artefacts, due to e.g. specimen shrinkage or the limited tilting range, 

are also considered. 
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2.1 Limitations of Conventional Microscopy 

The thin-film nature of photoactive layers of polymer solar cells (PSCs) with typical thicknesses of 
about 100-200 nm and the request for local morphology information make high-resolution 
microscopy techniques essential tools for morphology characterization. Transmission Electron 
Microscopy (TEM), including conventional imaging and electron diffraction operation modes,1-5 
Scanning Electron Microscopy (SEM)6,7 and Scanning Probe Microscopy (SPM), in particular 
Atomic Force Microscopy (AFM),4,7-12 have proven their versatility for characterization of the 
morphology of photoactive layers.  

The main difference between TEM, on the one hand, and SPM and SEM, on the other hand, is 
that TEM provides mainly morphological information on the lateral organization of thin-film samples 
by acquisition of two-dimensional (2D) projections through the whole (3D) film, whereas SPM and 
SEM are probing the topography or phase de-mixing at the sample surface.  

Conventional morphology analysis by microscopy techniques such as TEM, SEM and SPM can 
not be straightforwardly used to characterize the morphological organization of the active layer in 
all three dimensions: basically it is limited to observations of the lateral organization. However, it is 
the local organization of the active layer throughout its thickness which is responsible e.g. for 
charge carrier transport from any place within the layer to the respective electrodes. As outlined in 
the Introduction, the knowledge on the local nanoscale organization of the photoactive layer in all 
three dimensions is essential to obtain high efficiency bulk-heterojunction PSCs.  

In principle, 3D morphology information can be obtained by cutting the sample in thin sections, 
e.g. with a diamond knife (in a microtome) or with focused ion beam (FIB), and subsequently 
imaging the sections one by one with AFM or SEM. When using a FIB/SEM, or a dual beam, this 
way of obtaining 3D information is referred to as ‘slice-and-view’. For photoactive layers of PSCs 
these approaches are, however, of limited use due to high risk of complete sample destruction as a 
result of high mechanical stresses in a microtome or heating by FIB, and due to the relatively low 
resolution, esp. depth resolution as determined by the sectioning process (10-100 nm at most).  

The technique that circumvents these limitations and does provide 3D morphology information 
with nanometre resolution in all three dimensions is electron tomography, also referred to as 
transmission electron microtomography and 3D TEM.13-18 

 

2.2 General Principle of Electron Tomography  

Tomography, in its old Greek meaning, refers to a technique to draw (reconstruct) a section of an 
object, referring to inner sections as opposed to surfaces. Since then tomography has become 
associated with mapping of inner sections across an object and therefore refers to a three-
dimensional reconstruction method. Nowadays, tomography essentially means to reconstruct the 
three-dimensional structure of objects from a series of two-dimensional projections.19  

The best known example of a tomography technique is the X-ray CAT (computer-aided 
tomography or computed axial tomography) scanner, now a ubiquitous tool for diagnostic 
medicine.20 Computer tomography (or, with synchrotron X-ray sources and higher resolution, X-ray 
tomography) allows the complete 3D internal structure of an object to be reconstructed from a set 
of 2D projections taken at different angular settings, without imposing any a priori assumptions or 
requirements regarding the symmetry of the object.15  

Electron tomography is based on the same principle: a series of 2D projections is taken by 
TEM at different angles by tilting the specimen with respect to the electron beam (see Figure 2.1). 
The tilt series thus obtained is then carefully aligned and used to reconstruct a 3D image of the 
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specimen, with nanometre resolution. The outcome of electron tomography – a 3D image of the 
specimen under investigation – can be used voxel by voxel (a contraction of “volume pixel”) to 
study in detail the specimen’s morphological organization.  

In this chapter, the discussion is largely restricted to single-axis tilting, although alternative 
approaches, such as conical tilting21,22 and double-axis tilting,23-25 are also employed.  

Imaging modes that can be used for electron tomography include BF (bright-field) TEM,2,26-29 
ADF (annular dark field) TEM,30,31 HAADF-STEM (high angle annular dark field scanning 
transmission electron microscopy)31-35, diffraction,36,37 and elemental mapping by ESI (electron 
spectroscopic imaging, as part of energy filtered TEM)16,38,39 and by EDX (energy dispersive X-ray 
spectroscopy)39. 
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Figure 2.1  Principles of conventional TEM imaging (a) and electron tomography (b). A TEM image is 
basically a 2D projection taken of a 3D specimen under investigation: it gives no clear information on the 
morphological organization in z-direction and may be difficult to interpret in case of complex structures. In 
electron tomography, a series of such 2D projections is taken at different tilting angles by tilting the specimen 
along the tilt axis inside the TEM column, usually in the range of at least ±70º. The tilt series is later used to 
reconstruct the 3D image of the specimen. 3D reconstruction is all about recovering the missing z-information 
of an object point in 3D space that is lost during (2D) projection imaging.  
 

 

2.3 Projection Requirement  

In order to be suitable for electron tomography reconstruction, the intensity in a 2D projection must 
be at least a monotonic function of the amount of material projected by the electron beam.40,41 This 
is known as the projection requirement: all projections must be “true projections of the structure”. 
The projection requirement is in principle directly valid in a bright-field (BF) imaging mode for 
amorphous materials and for biological structures, which explains a strong drive in biosciences for 
developing and applying electron tomography.42-44 More recently, this technique was successfully 
applied to polymeric systems too.18,29,45,46  

In the case of crystalline materials, BF tomography is in general unsuitable: the contrast is then 
dominated by diffraction, relating to the Bragg condition of the crystal, and not necessarily to the 
total projected amount of the material.41 The ultimate solution to this problem is to use another 
imaging mode that is insensitive to such contrast, e.g. HAADF-STEM.16,31,33  
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Many successful applications of BF tomography to crystalline materials have, however, been 
reported.47-52 The observation that orientation (i.e. diffraction condition) dependent contrast does 
not strongly affect the tomographic reconstruction can be rationalized by the fact that diffraction 
contrast is often present in just a few images of the tilt series, while a much larger number of 
images (typically around 120-140) is averaged in tomography reconstructions.13 Besides, if 
crystalline domains are small (e.g. supported catalytic particles), diffraction contrast effects such as 
thickness fringes and bend contours do not play a large role. Another manifestation of diffraction 
effects in a BF-mode, viz. nonsymmetric white halos around crystalline material caused by a 
combination of the microscope aberrations and strongly excited high-index diffraction beams, can 
be excluded by using an objective aperture.27 As a rule of thumb, BF tomography does provide 
reliable 3D reconstructions for weakly scattering crystalline materials (such as zeolites52,53) or 
highly scattering small crystallites (such as supported catalysts33,51). 

The samples studied by electron tomography in this project, viz. photoactive layers of polymer 
solar cells, are all two-component systems of amorphous and/or nanocrystalline materials. The 
latter include poly(3-hexylthiophene) (P3HT) used as electron donor and a fullerene derivative 
(PCBM) and zinc oxide nanoparticles used as electron acceptors. Both P3HT and PCBM are 
weakly scattering (carbon-based) nanocrystalline materials that show little to no diffraction contrast 
in the BF mode. Besides, crystals of both P3HT and PCBM are so unstable under electron beam 
that they get destroyed, as crystals, within one or maximum two minutes prior to acquiring tilt series 
(as shown by electron diffraction), so that purely amorphous materials remaining in the place of 
original (semi-)crystalline materials get visualized by electron tomography. As to ZnO nanoparticles 
distributed in a polymer matrix, they are highly scattering but quite small to show considerable 
diffraction contrast effects. Thus electron tomography could be applied to all these samples in a BF 
mode.  

Application of electron tomography goes through the following basic steps: tilt series 
acquisition, tilt series alignment, and 3D reconstruction. Below they are considered in some detail. 
First, however, it is worthwhile to make a few remarks about specimen shrinkage under exposure 
to the electron beam, since the electron doses in electron tomography are quite large: typically (at 
least) hundreds of times larger than during conventional TEM imaging.  

 

2.4 Shrinkage of Polymer Samples 

When exposed to the electron beam, organic samples (polymers, biological samples) have a 
common tendency to shrink as a result of mass loss from the sample. Depending on the dose 
accumulated in the sample, the shrinkage can reach 30-50% in the beam direction (along z-axis in 
Figure 2.1) and 5-10% in the plane perpendicular to it (x,y).54,55 The radiation damage on an 
organic sample can be reduced (never eliminated altogether) by cooling the sample down to liquid 
nitrogen, or even liquid helium, temperatures and by using low-dose techniques.  

Studies of different types of resins showed that for each resin tested, the response to electron 
dose has the same characteristic form at constant dose rate: an early rapid phase of shrinkage 
(occurring typically after several minutes of exposure), followed by a slow period of thinning.55,56 
Increasing the dose rate on the same (already exposed) spot resulted again in a rapid shrinkage of 
the specimen that levelled off immediately afterwards.  

It is thus common to irradiate the specimen for several minutes before starting a tilt series in 
order to limit anisotropic specimen thinning during tilt series acquisition, although specimen 
shrinkage and distortions can also be corrected a posteriori.57 
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The pre-exposure of (polymer-based) specimens was used for the most tomography datasets 
in this thesis. Prior to TEM-sample preparation, the film thickness was always measured by a 
surface profiler. In line with data reported in literature, the film thicknesses as observed in the final 
3D reconstruction were typically 25-30% smaller than initially, while shrinkage in the plane of the 
film remained limited to a few percent.  

 
2.5 Tilt Series Acquisition  

During tilt series acquisition, a sample is tilted inside a TEM-column over a tilting range as large as 
possible (usually ±70º) with small increments (typically <2º) and an image is acquired at each step 
(see Figure 2.2). Nowadays, acquisition of tilt series is a largely automated process, including tilting 
itself, focussing, image acquisition, image tracking to minimize shifts between images, etc.  

The increments between tilt angles can either be kept constant for the entire tilting range (a 
linear data collection scheme) or can continuously get smaller with increasing tilt angle, viz. scaling 
with cos α, where α is a tilt angle (Saxton data collection scheme). For thin-film samples like those 
studied in this project, the Saxton scheme should preferably be used: since thickness of such 
samples increases steeply with increasing the tilt as a function of (cos α)-1, thus e.g. increasing 
threefold when a film is tilted to 70º, the larger number of images at higher tilt-angles assures the 
same resolution throughout the tilt series and thus better quality of the final reconstruction.58 

 

–68º –35º 0º +35º +70º–68º –35º 0º +35º +70º

 

Figure 2.2  Several slices from the aligned tilt series taken of a photoactive layer made of ZnO-particles 
distributed in a polymer (P3HT) matrix. The thickness of the film is ca. 60 nm. ZnO particles, having higher 
electron density than the polymer matrix, appear dark in these bright-field TEM images. The corresponding tilt 
angle is indicated above each slice. The whole series of such slices taken in the range from -68º to +70º, 
using a Saxton tilt scheme with an increment of 1.5º at a 0º-tilt, was used as an input for a 3D reconstruction. 
The tilt series was aligned by using (several cycles of) cross-correlation followed by the tilt axis adjustment. 

 

 

2.6 Tilt Series Alignment  

After a tilt series has been acquired, it should be carefully aligned: a crucial step for obtaining a 
high-quality tomographic reconstruction. Automatic alignment is typically based on cross-correlation 
and/or feature tracking. With cross-correlation, a part of or the entire image is compared to the 
previous image in the series, thereby sequentially compensating for image shifts throughout the 
entire tilt series. For feature tracking, conventional fiducial gold markers are commonly used: gold 
beads can be localized very accurately, even at high tilts, due to their typically high contrast 
compared to the background and their round shape.59,60 Another (marker-free) approach to feature-
based alignment is to track certain points of interest in the images, points that can be automatically 
identified on the images.61-63 An advantage of alignment by feature tracking is that it allows 
correcting for geometric changes occurring in many samples under exposure to the electron beam, 
such as shrinkage of polymer materials.  
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It is not always the case, however, that points of interest are clearly present in all the images 
for (automatic) tracking and it is not always possible to use fiducial markers. For instance, 
depositing a colloidal solution containing gold markers with some additives (like HAuCl4) on a 
sample made of conjugated polymers, such as poly(3-hexylthiophene), can strongly change its 
appearance, as was observed in this project. Also, the markers, being opaque, can interfere with 
the reconstruction,64 disguise the places of interest, and complicate the interpretation of 
tomography data.  

For datasets where markers or marker-like features are absent, other approaches to alignment 
have been developed.63,65,66 The cross-correlation alone will not suffice in most cases, viz. when 
position and rotation of the tilt axis needs to be adjusted: cross-correlation has been reported to be 
better suited for translational alignment rather than rotational alignment.67 An alternative way of 
determining the rotational alignment is the common line approach, based on the fact that when the 
projections have been properly aligned, the corresponding sections intersect on a single line in 
Fourier space, a so-called common line of the tilt series.65 The tilt axis position can be accurately 
identified by the common line analysis.66,67 

Almost all tilt series in this thesis were aligned by applying a combination of cross-correlation 
(for translational alignment), done in several cycles to produce better results, and tilt axis 
adjustment (for the rotational alignment).  

 

2.7 3D Reconstruction  

3D reconstruction is all about recovering the missing z-information of an object point (x,y,z) in 3D 
space that is lost during 2D projection (x,y) imaging. The reconstruction of the complete 3D internal 
structure of an object from a set of 2D projections is based on “the central slice theorem” stating 
that the Fourier transform of an object’s projection is a central plane in the Fourier transform of the 
object.68 
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Figure 2.3  A schematic illustration, shown in Fourier (frequency) space, of the extent of experimental data 
available after the acquisition of tilt series in a tilt range of ±αmax with increments θ. Data points lie on slices 
through Fourier space extending radially to higher frequencies from a common intersection corresponding to 
zero frequency. When applying a back-projection reconstruction method, the relatively small number of data 
points at higher frequencies can be corrected by a weighting filter (so-called weighted back-projection). Also 
apparent is the missing wedge of information due to a limited tilting range (see Section 2.9 below).  
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The standard method of tomographic reconstruction is weighted back-projection (WBP). Back-
projection involves projecting each two-dimensional image into a three-dimensional reconstruction 
space back along the original tilt angle at which it was recorded, either directly in real space or via 
interpolation in Fourier space. The superposition of these back-projected images yields a three-
dimensional reconstructed object.69,70 Even if the frequencies within individual images are uniformly 
sampled, the low frequencies are oversampled in the object reconstructed by back-projection and 
the high frequencies are undersampled (see Figure 2.3). The sampling balance can be restored in 
an approximate fashion by using a simple weighting filter; hence the term “weighted” in the name of 
this method.70,71 Though fast and commonly used, WBP is not stable to artefacts: it may lead to 
loss of information and is usually characterized by filtering artefacts around edges (see Figures 2.4 
and 2.5). 
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Figure 2.4  Some slices taken out of 3D reconstructions of the ZnO/polymer film from Figure 2.2, obtained 
both by WBP and by SIRT (20 iterations) reconstruction methods. SIRT is more stable to noise, has no edge-
enhancing artefacts and produces more realistic data. Compare these slices with appearance of the original 
data in Figure 2.2 or, enlarged, in Figure 2.6a below.  

 

Another often used reconstruction method is a simultaneous iterative reconstruction technique 
(SIRT).71,72 As its name implies, SIRT is an iterative method. During each iteration, it re-projects the 
volume reconstructed at this stage, compares the re-projections thus obtained with the original 
projections all at once, and corrects the volume accordingly. This procedure is repeated until a ‘best’ 
solution is reached (i.e. when the image information is no longer increasing), typically after at least 15 
iterations. As there is no good criterion known to determine when the number of iterations is 
sufficient,15,73 this always remains somewhat subjective. SIRT requires much more computing power 
than WBP but offers a number of advantages: it usually increases the signal-to-noise ratio by averaging 
the noise out, contains all frequency information, and has only limited edge artefacts.74 Since the edges 
are not enhanced, SIRT reconstruction may look less sharp than WBP but actually it is more realistic 
(see Figures 2.4 and 2.5). 



Chapter 2 

24 

Another iterative reconstruction method sometimes found in the literature is the Algebraic 
Reconstruction Technique (ART)75. ART is based on a similar principle to SIRT with the difference 
that it compares the re-projections of the reconstructed volume with the original data one slice at a 
time. This technique contains all frequency information too and is faster than SIRT, but it is 
unstable to noise and can introduce false details into the reconstruction: it was shown that in 
general ART produces erroneous reconstructions.72 

At present, SIRT is becoming increasingly popular due to a major increase in the available 
computation resources. Throughout this thesis, SIRT reconstruction method with 20 iterations was 
used for all datasets. No visible changes in the reconstructed volume were observed for a larger 
number of iterations.  
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Figure 2.5  Gold particles of around 50 nm in diameter, supported on a ~2 nm thin layer of amorphous 
carbon: a) bright-field TEM image, b) one slice taken out of the WBP reconstruction based on a tilt series 
acquired in a tilting range of ±70º, c) one slice out of the SIRT reconstruction (20 iterations). Note that the 
particles look hollow in case of a WBP reconstruction.  

 

 

2.8 Segmentation and Discrete Tomography  

After the reconstruction has been computed, the 3D volume has to be interpreted to obtain 
meaningful information about the sample. In case of photoactive layers of polymer solar cells, the 
interesting parameters to be determined include: the scale of phase separation, the amount of 
interface between the donor and acceptor materials, the number and length of percolation 
pathways leading to the top/bottom electrodes, etc.  

To get quantitative results about morphology and composition, the reconstruction must be 
segmented: the voxels of the reconstructed volume must be separated into different groups, 
corresponding to the different compositions in the sample. In the example of a ZnO/polymer film 
(Figure 2.6), it is quite straightforward to select the ZnO-particles in a polymer matrix due to their 
high contrast, but in general segmenting tomographic images can be very difficult. Labour-intensive 
manual segmentation is often the only option and even then it can be very difficult to clearly identify 
the boundaries between different materials. Moreover, any manual segmentation will always be 
subjective in some way. 
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a) b)a) b)

 

Figure 2.6  Application of electron tomography to a ZnO/polymer film: a) a bright-field TEM image (a 0-tilt 
projection, in tomography terms) next to b) the final volume visualisation with selected ZnO-particles, now 
appearing grey in a transparent polymer-matrix. The volume dimensions are ca. 700 nm x 700 nm x 60 nm.  

 

Sometimes application of imaging filters can facilitate the segmentation process, e.g. median or 
smoothing filters for reducing noise, Laplacian (or differencing) operator for edge enhancing, Sobel 
or Kirsch transform for edge finding/detection, etc.76 Care should be taken, however, that filtering 
does not introduce or enhance artefacts, especially when trying to obtain quantitative information.  

In case only a few different components are present in the sample, it is possible to avoid a 
laborious and often inaccurate segmentation by using an alternative reconstruction approach: 
discrete tomography.77 This approach exploits the property that each of the components in the 
sample should have only one grey level. By applying the discrete tomography, the quality of the 
reconstruction can be improved significantly and/ or the number of required projection images can 
be reduced. The discrete reconstruction typically contains fewer artefacts and, as already 
mentioned, does not have to be segmented, as it already contains one grey level for each 
component. 

Recently, a new algorithm for discrete tomography called DART (discrete algebraic 
reconstruction technique) has been proposed.78 It is an iterative algorithm that combines the SIRT-
algorithm (or alternatively the ART-algorithm) with discretization steps. Before applying DART, one 
needs to assess the number of grey levels in the reconstruction (i.e. the number of components in 
the sample), as well as the grey-level values. As a first step before applying DART, a conventional 
SIRT reconstruction is usually computed to obtain information about the components in the sample 
and their grey values. Based on this SIRT reconstruction and additional knowledge about sample 
preparation, it is often possible to provide a reliable input for DART. 

 

2.9 Missing Wedge 

To achieve the best resolution and minimize artefacts, it is essential that the tilting range is as large 
as possible (ideally ±90º). In practice, the tilt range achievable in a TEM is usually restricted by the 
geometry of the specimen holder (and of the specimen itself, in case of thin film samples) and is 
limited to a maximum range of about ±75º. The missing information delimitates a wedge-shaped 
region in Fourier space (see Figure 2.3 above).  

The missing wedge causes two problems. The first problem is that certain features may be 
misshapen or even completely invisible depending on their orientation relative to the tilt axis. For 
example, if some nanorods lie in the (x,y) plain of the film specimen perpendicular to the tilt axis as 
shown in Figure 2.7, it is very likely that they will not appear in the 3D reconstruction at all.18,79 This 
results from the fact that the most important information relevant to these nanorods falls inside the 
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missing wedge in Fourier space. In case such nanorods are not strictly perpendicular to the tilt axis 
but very close to this orientation, they may appear in the reconstruction but look vague, i.e. have 
less strong contrast with the matrix than analogous nanorods having other orientations (e.g. more 
parallel to the tilt axis or to the projection direction). This may complicate automatic segmentation 
and analysis of these features.  
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Figure 2.7  Nanorods oriented in relation to the tilt axis as shown here, are very likely to be ‘invisible’ in the 
3D reconstruction due to the missing wedge. 

 

The second problem caused by the missing wedge is elongation of the reconstructed volume in 
the direction parallel to the electron beam (along z-axis in Figure 2.7), which results in distorted 
features and means that distance measurements in z-direction have to be taken with caution. 
Radermacher has derived the following expression for this elongation (e) depending on the size of 
the missing wedge, viz. maximum tilt angle αmax:

80 

αmax + sinαmax cosαmax

αmax – sinαmax cosαmax
e = √ αmax + sinαmax cosαmax

αmax – sinαmax cosαmax
e = √   

(2.1) 

This implies elongation of 1.3 times in z-direction for a maximum tilt angle of 70º, 1.55 times for 
±60º tilt and 1.9 times elongation for ±50º tilt: these are significant numbers.  

Experimental data show, however, that observed elongations can be (considerably) smaller 
than those predicted by the expression 2.1. An elaborate study by Kawasea et al.81 on the impact 
of the missing wedge for quantitative structural analysis, carried out on a rod-shaped sample of 
zirconia fillers in a polymer matrix that could be tilted in the full range of ±90º, gave the following 
experimentally determined elongation factors: 1.10 for ±70º and 1.23 for ±60º tilt. Our own 
tomography data (acquired in the range of ±70º) on gold particles also suggest that the 
experimental elongations in z-direction are less pronounced than the trend derived by 
Radermacher (see Figure 2.8 and Table 2.1).  

A consequence of the loss of resolution in z-direction caused by the missing wedge is that 
interpretation of the very bottom and very top (say a few first and last nm) of the specimen’s 
reconstructed volume can be difficult. In this sense, scanning probe microscopy (SPM) gives data 
complementary to that provided by electron tomography.  

The effect of the missing wedge can be reduced in one direction by acquiring projection data 
using two perpendicular tilt-axes, a so-called double-axis (or dual-axis) tomography.23-25 This 
technique reduces the missing wedge to a ‘‘missing pyramid’’. The resulting reconstructions are 
more accurate compared to single-axis tomography, but residual artefacts due to the missing 
angles remain. 
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Figure 2.8  Illustration of elongation factors in z-direction as a function of a maximum tilt angle: a) based on 
theoretical predictions by Radermacher (Ref. 80); b) determined experimentally by Kawasea et al. (Ref. 81) 
by tilting a rod-shaped sample of zirconia/polymer in the full tilting range; c) and d) gold particles of around 50 
nm in diameter supported on a thin amorphous carbon film (see Figure 2.5 above), tilted in the range of ±70º, 
reconstructed by WBP (c) and SIRT (d) and segmented afterwards. In a) and b) the elongations are visualized 
on a hypothetical spherical particle.  

 

Table 2.1  Theoretical and experimental values of elongation factors for 3 values of a maximum tilt angle, as 
shown in Figure 2.8. Our own experimental data (two last entries) originate from the tilt series taken in the 
±70º range, so that only relative elongation factors (based on the assumption that elongation for ±70º tilt 
coincides with the theoretical value) could be determined for smaller tilts. For comparison, a recalculation of 
the elongation factors obtained by Kawasea et al. (Ref. 81) using the same assumption is also given. 

αmax, degrees 70 60 50 

e, theoretical80 1.31 1.55 1.90 

1.10±0.05 1.23±0.08 1.36±0.09 
e, experiment (WBP)81 

(assumed to be 1.31) 1.46±0.08 1.62±0.09 

e, experiment (WBP) (assumed to be 1.31) 1.42±0.03 1.63±0.06 

e, experiment (SIRT) (assumed to be 1.31) 1.49±0.04 1.57±0.01 

 

 

2.10 Resolution  

The geometry of sampling in 3D Fourier space, as determined by tilting around a tilt axis in a 
limited tilting range (missing wedge), leads to anisotropic resolution in a final 3D image after 
tomographic reconstruction.69,80 The resolution along the tilt axis (x-axis in Figure 2.7) is 
determined only by the resolution in the original TEM image and the alignment accuracy. The 
resolution along y-axis (perpendicular to both the beam direction and the tilt axis) was shown by 
Crowther et al.70 to depend on the number of projections (N) and the diameter (D) of the 
reconstructed volume as:  

N

π D
d   =

y N

π D
d   =

y
 

(2.2) 

In case of thin-film specimens, the diameter of the reconstructed volume (D) can be described 
by the film thickness (T) and the maximum tilt angle (αmax) as follows: D = T / cos αmax,

69 and thus 
the expression for resolution along y-axis can be rewritten as: 
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N  cosαmax

π T
d   =

y N  cosαmax

π T
d   =

y
 

(2.3) 

The resolution in z-direction (along the electron beam, through the specimen thickness) should 
in the first approximation be equal to the resolution in y-direction, but it is additionally deteriorated 
due to the missing wedge, viz. it is expected to deteriorate by a value of the elongation factor (e) as 
derived by Radermacher:80 

d   =
z

d
y

e  =
N  cosαmax

π T αmax + sinαmax cosαmax

αmax – sinαmax cosαmax√d   =
z

d
y

e  =
N  cosαmax

π T αmax + sinαmax cosαmax

αmax – sinαmax cosαmax√  

(2.4) 

The general validity of the above expressions has, however, been questioned. It has often 
been observed that the practical achievable resolution can be considerably better than the 
calculated values.16,27,28,32,82 It has been argued that the signal-to-noise ratio is at least as important 
to the resolution in electron tomography as the parameters of the tilting geometry and that the loss 
of the resolution due to the missing wedge is quite negligible, especially in case of thin-film 
specimens.79  

In this research, a much better resolution than one would expect on basis of the expressions 
2.2–2.4 was also obtained in (at least some of) the tomography datasets, e.g. in ZnO/polymer films 
like the one shown above in Figures 2.2, 2.4 and 2.6. Here some numbers are given for a similar 
ZnO/polymer film, only somewhat thicker (to make the argument stronger). For a 160-nm thick film 
which tomogram was reconstructed from a number of projections N = 140 in the range of ±70º, the 
expected resolution in 3D reconstruction should be 10.5 nm along the y-axis (dy) and 13.7 nm 
along the z-axis (dz). However, ZnO-particles of 3-4 nm in size could be distinguished in the 
reconstructed volume both in the (x,y) plane of the film and through its thickness (z-direction).  

Since a tomographic study of any particular object is unique, a straightforward quantitative 
verification of resolution is not available for electron tomography.83 The general consensus at 
present is that resolution should be derived from the number and angular distribution of projections 
and from the noise level of data (signal-to-noise ratio).79 

 

In conclusion, electron tomography is a powerful technique to provide 3D morphology 
information of e.g. polymer-based film specimens, such as photoactive layers of polymer solar 
cells, with nanometre resolution. For this type of materials, it can usually be applied in a 
conventional bright field (BF) imaging mode. To optimize the final reconstructed volume, a Saxton 
tilt scheme is recommended for tilt-series acquisition and the SIRT method with at least 15 
iterations for reconstruction. Also, it is essential that the tilting range is as large as possible to 
minimize artefacts due to the missing wedge. Another point of attention is specimen shrinkage, 
especially pronounced in the direction of the electron beam: its negative effect on the tilt series 
alignment can easily be prevented by pre-exposing the specimen prior to tilt-series acquisition, but 
it should be kept in mind when analysing the obtained 3D datasets.  

 

2.11 Experimental  

The photoactive layers made of zinc oxide (ZnO) and poly(3-hexylthiophene) (P3HT) were prepared on top of 
glass substrates covered by a 70 nm thick layer of poly(3,4-ethylenedioxythiophene)/ poly(styrenesulfonate) 
(PEDOT:PSS). The thickness of the ZnO/P3HT films was measured by a Dektak surface profiler. For TEM 
sample preparation, the layers were floated from the water soluble PEDOT:PSS substrate onto the surface of 
demineralised water and picked up with 200-mesh copper TEM grids. For the gold particles sample, a droplet 
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of dispersion containing gold particles of appr. 50 nm in diameter (from Corpuscular Inc.) was deposited on 
top of 200-mesh carbon-copper grids, pre-cleaned by oxygen plasma.  

Bright field TEM morphology observation and acquisition of tilt series were performed on a Tecnai G2 20 
TEM (FEI Co.) operated at 200 kV. All tilt series were obtained in an automatic fashion by using the Xplore3D 
software package (FEI Co.), in the tilt range of ±70º using a Saxton tilt scheme with a 0º-tilt step of 1.5º. The 
alignment and reconstruction (by SIRT, 20 iterations, unless indicated otherwise) of the data series was 
performed by using Inspec3D (FEI Co.) and visualization of the 3D reconstructed volume was done with 
Amira 4.1 (Mercury Computer Systems Inc.).  
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Chapter 3 

3D Interpenetrating Networks in Efficient Polymer Solar Cells  

The performance of polymer solar cells (PSCs) strongly depends on the three dimensional (3D) 

morphological organization of the compounds within the bulk-heterojunction active layer. Here, we 

describe the first applications of the technique of electron tomography to directly visualize with 

nanometre resolution and study in detail the 3D organization in the photoactive layers of PSCs, 

with the aim to identify the critical morphology parameters contributing to high efficiency of bulk-

heterojunction systems. 
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3.1 Introduction 

Nanostructured polymer-based solar cells (PSCs) have emerged as a promising low-cost 
alternative to conventional inorganic photovoltaic devices and are now a subject of intensive 
research both in academia and industry.1-3 For PSCs to become practical efficient devices, several 
issues should still be addressed, including further understanding of their operation and stability, 
which in turn are largely determined by the morphological organisation in the photoactive layer. The 
latter is typically a few hundred nanometres thick film consisting of a blend of two materials: an 
electron donor (such as a polythiophene) and an electron acceptor (such as a fullerene derivative). 
The main requirements for morphology of efficient photoactive layers are nanoscale phase 
separation (for a high donor/acceptor interface area and hence efficient exciton dissociation), short 
and continuous percolation pathways of both components leading through the layer thickness to 
the corresponding electrodes (for efficient charge transport and collection), and preferably high 
crystallinity of both donor and acceptor materials (for high charge mobility).4,5 The efficiency of a 
bulk-heterojunction PSC is thus largely dependent on the local nanoscale organization of the 
photoactive layer in all three dimensions (see Scheme 1.1 on page 6). 

One approach to obtain three-dimensional (3D) morphology information is to cut away thin 
sections from a sample such as a photoactive layer, e.g. with a diamond knife (using a microtome) 
or with focused ion beam (FIB), and then image the remaining part of the sample with atomic force 
microscopy (AFM) or scanning electron microscopy (SEM). However, this approach is of limited 
use for photoactive layers of PSCs due to the relatively low resolution, especially depth resolution 
as determined by the sectioning process (10-100 nm at most) and due to high risk of sample 
destruction as a result of high mechanical stresses in a microtome or as a result of heating by FIB.  

As described in Chapter 2, the technique that circumvents these limitations and does provide 
3D morphology information with nanometre resolution in all three dimensions is electron 
tomography.6-9 In this Chapter, the first applications of electron tomography to three different PSC 
systems are described, with the aim to obtain new insights into the interplay between 3D 
morphological organization of the photoactive layer and the corresponding PSC device 
performance.  

The three systems in question are based on combination of a fullerene derivative PCBM (as an 
electron acceptor) with three different polymers (serving as electron donors), viz. MDMO-PPV, 
polyfluorene PF10TBT and polythiophene P3HT (for chemical names and structures see Figure 1.2 
on page 5 and the appropriate Sections below). The first two polymers (MDMO-PPV and PF10TBT) 
are amorphous, whereas both P3HT and PCBM can crystallize: P3HT by forming crystalline 
nanowires with widths of about 15-20 nm, thicknesses of just a few nanometres, and lengths of 
hundreds of nanometres or even a few micrometers (see Figure 1.3 on page 8),4,10,11 and PCBM by 
eventually forming micrometers-large bulky crystals.12-14 The systems of MDMO-PPV/PCBM and 
P3HT/PCBM were also introduced in some detail in Section 1.5.  

 

3.2 Results and Discussion  

3.2.1 MDMO-PPV/PCBM system 

One of the widely studied and rather efficient bulk-heterojunction solar cells is based on a 
combination of poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV) as 
a donor and the fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as an 
acceptor (chemical structures of these compounds are shown in Figure 1.2). Since it was 
discovered that MDMO-PPV/PCBM solar cells with a power conversion efficiency of 2.5% can be 
obtained using chlorobenzene as a solvent for spin-coating, this system has become the subject of 
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detailed studies.15 It was found out that the most efficient solar cells based on MDMO-PPV and 
PCBM require as much as 80 wt.-% of the latter.15,16 This is surprising because the polymer 
absorbs most of the light and PCBM has an almost negligible absorption coefficient in the visible 
region. The issue why efficient MDMO-PPV/PCBM cells require 80 wt.-% of a material that hardly 
contributes to light absorption is still not completely understood.  

It was shown that the better performance at high PCBM loadings is due to higher values of 
short circuit current density (Jsc) and fill factor (FF).16 Since films with higher PCBM loadings absorb 
less light, better values of Jsc should be either due to better dissociation of excitons at the interface 
between the polymer and PCBM phases and/or due to better transport of free charges to the 
corresponding electrodes (see Scheme 1.1 on page 6). The overall rise of FF with increasing the 
weight percentage of PCBM indicates a smaller series resistance, and is attributed to an improved 
balance of electron and hole transport.  

Most of the morphological studies carried out so far on the MDMO-PPV/PCBM system were 
made using AFM13,15-20, conventional bright-field TEM12,17,21, and SEM5,13 and TEM17 of cross-
sections of active layers. They showed that at compositions of >60 wt.-% PCBM, the phase 
separation sets in with domains of rather pure PCBM distributed in a homogeneous MDMO-
PPV/PCBM matrix. It was speculated that MDMO-PPV/PCBM films are built up of interpenetrating 
networks at high PCBM loadings16 but, up to now, there was no unambiguous experimental 
evidence of existence of any networks or percolations in MDMO-PPV/PCBM photoactive layers, 
owing largely to the lack of appropriate tools that allow a proper visualization of the morphological 
organization in all three dimensions. 

 

–74º –36º 0º +36º +75º–74º –36º 0º +36º +75º

 
Figure 3.1  Several slices taken from the aligned tilt series of MDMO-PPV/PCBM active layer with 80 wt.-% 
PCBM, in the bright-field TEM imaging mode. The corresponding tilt angle is indicated above each slice. The 
whole series of such slices taken in the range from -74º to +75º by using a Saxton scheme with a step of 1.5º 
at 0º-tilt was used as an input for 3D reconstruction (see Figure 3.2). The contrast is determined by the 
density difference between (denser) PCBM and (less dense) MDMO-PPV: the dark domains are rich in 
PCBM. Some fiducial markers (gold particles with a diameter of 20 nm), indicated in the second slice by white 
arrows, were deposited in advance on top of the active layer to facilitate alignment of the tilt series. The scale 
bar is 200 nm. 
 

To visualize the 3D morphology of MDMO-PPV/PCBM films (prepared from solutions in 
chlorobenzene), we applied the technique of electron tomography. Some images acquired at 
different tilt angles taken out of the aligned tilt series are presented in Figure 3.1. The tilt series was 
acquired in the bright-field TEM mode, so (denser) PCBM-rich domains look dark. After 3D 
reconstruction, detailed information about form and size of PCBM-rich domains in three dimensions 
was obtained. In case of MDMO-PPV/PCBM films with 80 wt.-% PCBM, electron tomography 
showed that the PCBM-rich domains are interlinked by thin PCBM-rich strands, all together forming 
a percolating nanoscale network (see the snapshot of the resulted volume reconstruction in Figure 
3.2b).  
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Figure 3.2  A bright-field TEM image (a) of the MDMO-PPV/PCBM film (with 80 wt.-% PCBM), where dark 
PCBM-rich domains are visible, next to a snapshot of the volume reconstruction (b) of the same part of the 
film as obtained by electron tomography. In the volume data, thin PCBM-rich strands connecting PCBM-
domains can be discerned. The volume dimensions are 1130 nm x 970 nm x 80 nm.  

 

An even more clear visualization of a network formed by PCBM-rich strands was obtained in 
MDMO-PPV/PCBM films with 80 wt.-% PCBM when using high-angle annular dark-field scanning 
transmission electron microscopy (HAADF-STEM) (see Figure 3.3b). In this case, the existence of 
the (2D or 3D) PCBM-rich network could be seen directly in the images, without the use of 
tomography. 

The technique of HAADF-STEM has a number of advantages as compared with conventional 
bright-field (BF) TEM imaging, viz. it produces images having a higher contrast and brightness at 
the same accelerating voltage.22 Some reasons for this are that chromatic aberrations have a 
smaller impact in HAADF-STEM and that there is no need for defocus (commonly applied in BF-
TEM in order to enhance phase contrast) that limits the image resolution. Besides, HAADF-STEM 
is especially beneficial for (nano)crystalline materials such as PCBM because in this case 
diffraction contrast can be additionally enhanced when using an appropriate camera length.23,24 
More details on contrast formation in HAADF-STEM applied to carbon-based materials and on 
comparison between BF-TEM and HAADF-STEM can be found in Reference 23.  

 

 
Figure 3.3  A BF-TEM image taken under slight defocus conditions (a) and a HAADF-STEM image (b) of the 
same MDMO-PPV/PCBM film with 80 wt.-% PCBM (the location on the sample is not identical). The scale bar 
is 200 nm. In HAADF-STEM, the contrast is inverted as compared with BF-TEM and thus PCBM-rich areas 
look bright. Diffraction contrast due to nanocrystalline PCBM is additionally enhanced in the HAADF-STEM 
image, making obvious the presence of a network interlinking the PCBM-rich domains. (c) The snapshot of a 
reconstructed volume obtained by electron tomography in the HAADF-STEM mode on the same sample 
showing a 3D network of PCBM. The volume dimensions are about 1100 nm x 1100 nm x 80 nm (for 
comparison, the image in a) is about 900 nm x 890 nm). A few bright horizontal lines are artifacts originating 
from the fiducial gold markers used for alignment of the tilt series.  

a) b) c)

 a)  b) 
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Like BF-TEM, HAADF-STEM can also be used for tomography (see Figure 3.3c), even though 
it poses additional requirements to stability of the concerned crystalline structures in case when 
diffraction contrast is present. In films of MDMO-PPV/PCBM with 80 wt.-% PCBM, the HAADF-
STEM tomography confirmed that the PCBM-rich network is three-dimensional. 

The presence of a nanoscale percolating network formed by PCBM-rich strands as revealed by 
electron tomography in BF-TEM and HAADF-STEM imaging modes, presents two advantages for 
the performance of corresponding MDMO-PPV/PCBM solar cell devices. First, these interlinking 
PCBM domains form an additional interface where more excitons can dissociate into free charges 
and, second, such a 3D network of PCBM, surrounded by a 3D network of polymer-rich material, 
creates efficient percolation pathways for transport of both electrons and holes from any place 
within the photoactive layer to the top and bottom electrodes. Both these aspects are reflected in 
higher values of short circuit current density (Jsc) and fill factor (FF) and, as a result, higher 
efficiency of devices made of 80 wt.-% PCBM and 20 wt.-% MDMO-PPV.16 

No such beneficial morphology was observed (neither with BF-TEM nor with HAADF-STEM) in 
MDMO-PPV/PCBM layers with 60 wt.-% PCBM that give rise to (at least 2 times) less efficient solar 
cell devices.  

 

3.2.2 Polyfluorene/PCBM system 

Recently, a new alternating copolymer containing a fluorene unit and a benzathiadiazole unit with 
two neighbouring thiophene rings, poly(9,9-didecanefluorene-alt-(bis-thienylene)benzothia-diazole) 
(PF10TBT), was shown to give rise to efficient polymer solar cells in combination with PCBM.25 The 
best power conversion efficiencies of 4.2% were obtained for PSCs on basis of PF10TBT 
characterized by relatively high molecular weight, viz. Mw of 188.6 kg/mol.  

When electron tomography (in the BF mode) was applied to the PF10TBT/PCBM photoactive 
layers giving rise to the 4.2% efficient PSC devices, it revealed that the volume of the film consists 
of interconnected polymer-rich strands forming a 3D network (see Figure 3.4). (HAADF-STEM 
revealed no additional information for this system.) The contrast originates here from the density 
difference between (denser) PCBM and the (less dense) polymer, analogous to the MDMO-
PPV/PCBM system. The width of the polymer-rich strands, about several nanometres, is in the right 
range to benefit exciton dissociation at the interface between the polymer and PCBM. The 
existence of a polymer-rich 3D nanoscale network benefits hole transport within the whole volume 
of the active layer to the positive electrode, while adjacent PCBM-rich regions ensure efficient 
electron transport to the negative (metal) electrode. Indeed, better efficiency of free charge 
formation and transport is reflected in higher Jsc and FF values of the devices made with high Mw 
PF10TBT-polymer.  

Such beneficial morphology was not observed in PF10TBT/PCBM photoactive layers made 
using the low Mw (5.1 kg/mol) polymer and giving rise to poorer solar cell devices (with lower values 
of both Jsc and FF, and with power conversion efficiencies of about 2.5%). In fact, no contrast at all 
was obtained in TEM images of these films (neither with BF-TEM nor with HAADF-STEM), which 
points out a weak spot of this technique: the need for sufficient contrast. The efficiency of 2.5% is 
reasonably high for polymer solar cells and one would expect that the photoactive layers of these 
cells also contain some (pieces of) interpenetrating networks. However, the contrast between these 
two carbon-based materials in TEM-images was so weak that absolutely no information about 
morphological organization could be obtained, apart from the fact that there is no large-scale phase 
separation. 
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Figure 3.4  Result of electron tomography applied to the PF10TBT/PCBM films (with high molecular weight 
PF10TBT-polymer): (a) one slice taken out of the (x,y)-plane of the final 3D dataset with bright-looking 
polymer strands and darker PCBM-rich regions; (b) a snapshot of the corresponding volume reconstruction 
showing the existence of a 3D nanoscale polymer network (volume dimensions are 1112 nm x 1090 nm x 75 
nm, the polymer strands are made here thinner than they are in reality to facilitate visualisation); (c) zoom-in 
of the same volume (with volume dimensions of 227 nm x 227 nm x 75 nm and the thickness of the polymer 
strands to scale).  

 

 

3.2.3 P3HT/PCBM system  

Currently, one of the most promising PSCs, both in terms of efficiency and long-term stability, is the 
system based on PCBM as the electron acceptor and regioregular poly(3-hexylthiophene) (P3HT) 
as the electron donor material (for the chemical structures, see Figure 3.5). The best reported 
power conversion efficiencies of P3HT/PCBM system (obtained for a ratio between P3HT and 
PCBM of 1:1 by weight) exceed 5%.26-29 An essential step to achieve this high efficiency is to 
subject P3HT/PCBM solar cells to an annealing treatment, either at elevated temperature or during 
slow solvent evaporation (so-called solvent assisted annealing). Similar results are also attained by 
adding high boiling point additives like alkyl thiols into the solution of P3HT/PCBM as this slows 
down the film formation during spin-coating due to longer solvent(s) evaporation time, analogous to 
solvent annealing.30,31 

Various reasons have been named to account for morphology changes causing an efficiency 
improvement in P3HT/PCBM films upon annealing, such as increased crystallinity of P3HT,32 
favourable dimensions of (long and thin) P3HT crystals,10 suppressed formation of bulky PCBM 
clusters due to presence of P3HT crystals,26,33 improved absorption of the P3HT/PCBM films as a 
result of morphological changes in P3HT,18 improved hole mobility and hence more balanced hole 
and electron transport in P3HT/PCBM films.34-36 This list, however long it may seem, is not 
complete as it does not include details on morphological organization throughout the volume of the 
photoactive layer, viz. percolating networks of nanocrystalline P3HT and PCBM, the exact scale of 
phase separation, eventual composition gradients through the film thickness, etc. (see also 
Scheme 1.1 on page 6 or Scheme 3.2 below). 

In this study, electron tomography was applied (among other techniques) to analyze the 3D 
nanoscale organization of the P3HT/PCBM photoactive layers before and after annealing 
treatments, and to find correlations between the observed 3D morphology and parameters of 
corresponding device performance.  

Solar cell devices used in this study were prepared by dissolving regioregular P3HT (Plextronics, 
Inc.) and PCBM (Solenne B.V.) in ortho-dichlorobenzene (ODCB) in a ratio of 1:1 by weight with total 
concentration of 20 mg/ml. Subsequently, this solution was spin-coated at 500 rpm for 4 minutes on 

a) b) c)
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top of clean ITO-covered glass substrates coated with a 70 nm thick poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT: PSS, supplied by H.C. Starck) layer, which 
resulted in about 100 nm thick photoactive layers. Thermal annealing was performed at a 

temperature of 130 C for duration of 20 minutes, unless indicated otherwise. Solvent assisted 

annealing was carried out at room temperature after spin-coating the ODCB solution (at 500 rpm for 
only 1 minute, so that the resulting P3HT/PCBM layer remained wet) and putting it inside a closed 
Petri dish for a certain time.  

Characterization of P3HT/PCBM solar cell devices shows that values of the short-circuit current 
density Jsc, the open circuit voltage Voc and the fill factor FF all increased substantially after thermal 
or solvent assisted annealing (see Figure 3.5 and Table 3.1). The overall efficiencies (not corrected 
for spectral mismatch and without performing device optimization) almost doubled from 2.0% for as 
spin-coated P3HT/PCBM devices up to 3.8% for annealed devices.  
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Figure 3.5  (a) Current density–voltage characteristics of P3HT/PCBM devices obtained by spin-coating from 
ODCB and subsequent thermal annealing (TA) or solvent-assisted annealing (SAA). Time in hours is the 

duration of solvent annealing. Thermal annealing was performed at 130 C for 20 minutes. (b) Chemical 
structures of components of the photoactive layer: PCBM (electron acceptor) and P3HT (electron donor). (c) 
Structure of the solar cell devices as used in this study. ITO stands for indium-doped tin oxide and 
PEDOT:PSS for poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate).  

 

 

Table 3.1  Parameters of P3HT/PCBM solar cells made in this study: short circuit current density Jsc, open 
circuit voltage Voc, fill factor FF, and power conversion efficiency η (not corrected for spectral mismatch).  

Sample  
Jsc 

(mA/cm2) 
Voc (V) FF η (%) 

As spin-coated 7.3 0.50 0.55 2.0 

Solvent assisted 
annealing (1.5 h) 

8.9 0.58 0.64 3.3 

Solvent assisted 
annealing (3 h) 

10.7 0.55 0.64 3.8 

Thermal 
annealing 

10.9 0.58 0.61 3.8 
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What exactly causes improvement in Voc upon annealing is difficult to say (see also discussion 
in Section 1.4). It may be that contacts to the electrodes become better upon annealing, with as a 
result smaller losses at the electrodes, but this remains speculative. In principle, Voc can be 
considered as a property independent of the photoactive layer morphology. Higher values of Jsc 
and FF are, however, bound to result from favourable morphological changes in a photoactive layer 
upon annealing: one might expect formation of a larger interface between the P3HT and PCBM 
phases, better percolation pathways to the electrodes and improved mobility of charge carriers. 
Electron mobility in PCBM is higher than the mobility of holes in P3HT,34,36 so higher FF  
(characterizing the balance between hole and electron transport) suggests that the hole mobility 
improves due to increased crystallinity of P3HT after annealing. Besides higher hole mobility, 
enhanced crystallinity of P3HT typically results in a red shift of the polythiophene absorption 
matching better with the solar spectrum18,34, so that more photons can be harvested.  

Indeed, electron diffraction results confirm that crystallinity of P3HT in P3HT/PCBM photoactive 
layers increases considerably after thermal or solvent assisted annealing (see Figure 3.6 and 
insets in Figure 3.7). A bright outer Debye-Scherrer ring corresponds to the (020) reflections of the 
P3HT fibrillar crystals randomly oriented within the film sample area10, and a broader inner Debye-
Scherrer ring is attributed to nanocrystalline PCBM structures14. In spin-coated P3HT/PCBM layers, 
the overall crystallinity of P3HT is quite low: evidently, there are not so many P3HT crystals formed 
during spin-coating and/or they contain a large number of stacking defects. After annealing, P3HT 
crystallinity increases significantly, viz. at least threefold in P3HT/PCBM layers obtained by thermal 

annealing at 130 C for 20 minutes and by solvent assisted annealing for 3 hours, as revealed by a 
semi-quantitative analysis of electron diffraction patterns (Figure 3.6b). Neither thermal nor solvent 
assisted annealing for a longer time lead to a further increase in polythiophene crystallinity.  
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Figure 3.6  (a) Electron diffraction patterns (to be exact, quarters of them) obtained from 100 nm thick 
P3HT/PCBM photoactive layers and plotted all together for comparison and (b) corresponding 1D plots of the 
P3HT and PCBM intensities (normalized to the PCBM-peak maximum) for different annealing conditions. A 
broad inner ring in the diffraction patterns originates from PCBM nanocrystals (with a d-spacing of 0.46 nm) 
and a thin outer ring comes from (020) reflections of P3HT crystals (d-spacing of 0.39 nm). TA stands for 
thermal annealing (at 130 ºC), SAA for solvent assisted annealing. Time as indicated in minutes and hours is 
duration of an annealing treatment. 
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Figure 3.7  Bright-field (BF) TEM images of P3HT/PCBM layers: (a-c) 100 nm thick photoactive layers of 
devices from Table 3.1 and (d-f) 50 nm thick films prepared in an analogous way from the solution diluted 2 
times prior to spin-coating. Images a) and d) correspond to as spin-coated films, b) and e) to films thermally 
annealed (TA) at 130 ºC for 20 minutes, and c) and f) to films obtained by solvent assisted annealing (SAA) 
for 3 hours. The scale bar is 200 nm. The insets in (a-c) are corresponding electron diffraction patterns 
acquired at the same spot as the TEM images and used for analysis presented in Figure 3.6 above. 

 

As expected, enhanced crystallinity of P3HT is accompanied by improved absorption, as UV-
Vis measurements on the P3HT/PCBM photoactive layers confirm (see Figure 3.8). UV-Vis spectra 
also confirm that crystallinity of P3HT increases after annealing, since the feature at a wavelength 
of around 605 nm attributed to π-π interchain stacking of P3HT37 gets more pronounced.  
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Figure 3.8  UV-Vis spectra of 100 nm thick P3HT/PCBM photoactive layers obtained by spin-coating and 
subsequent thermal annealing (TA) at 130 C or by solvent-assisted annealing (SAA). 

a) b) c) 

d) e) f) 

As spin-coated TA SAA 



Chapter 3 

42 

Morphological characterization of P3HT/PCBM photoactive layers by bright-field (BF) TEM 
imaging (Figure 3.7) shows that hardly any P3HT nanowires can be discerned in a 100 nm spin-
coated film (Figure 3.7a) and that plenty of them seem to be present all over the annealed films. In 
BF-TEM images, P3HT nanowires look bright and PCBM-rich regions dark because of the lower 
density of P3HT crystals (1.1 g/cm3) as compared with PCBM (1.5 g/cm3). Since conventional TEM 
images are essentially 2D projections of the actual 3D specimen, multiple stacking of relatively thin 
features through the thickness of the specimen, such as the P3HT nanowires with typical thickness 
of just a few nanometres (see Figure 1.3 on page 8)38,39, will inevitably result in images which look 
blurred and are difficult to interpret. Indeed, it is rather difficult to distinguish the P3HT nanowires in 
100 nm thin films (Figure 3.7, a-c), whereas the nanowires can be easily discerned in thinner (50 
nm thick) P3HT/PCBM films prepared in a way analogous to real photoactive layers by diluting the 
initial solution of P3HT and PCBM in ODCB prior to film deposition (Figure 3.7, d-f). Some quite 
short P3HT nanowires can already be distinguished in the film after spin-coating (Figure 3.7d) and 
they get much longer and eventually more numerous after thermal or solvent assisted annealing. 
The width of crystalline P3HT nanowires is 15-20 nm, i.e. in the order of the exciton diffusion 
length38,39, and the large amount and length of these fibrils is advantageous for PSC performance 
as it ensures dissociation of many excitons at their interface with PCBM and, once free charges are 
formed after exciton dissociation, efficient hole transport.  

Preparation of thin film specimens and their investigation by conventional TEM is a first attempt 
to gain information on the nanoscale morphology of P3HT/PCBM. However, such thin film 
specimens may not reflect the actual organization of the 100-200 nm thick photoactive layers in a 
device. Moreover, the more complex the morphologies in question are, the less convincing the 
interpretation of the resulting 2D images usually becomes. Electron tomography may help to clarify 
the picture as it provides the 3D images of morphologies in question and, in addition, may result in 
an improved signal-to-noise ratio.6-9 

Electron tomography was applied to P3HT/PCBM in the BF mode, with the resulting contrast 
due to the density difference between less dense polymer and denser PCBM. Crystalline P3HT 
nanowires are actually very unstable, as crystals, under exposure to the electron beam (as shown 
by electron diffraction studies) but they remain morphologically stable for a much longer time; 
certainly long enough to acquire a tilt series (see Figure 3.9). Crystallinity of the nanowires and 
their morphological stability were confirmed by the (conical) dark-field TEM imaging combined with 
the BF TEM imaging. In dark-field TEM, the image formation is governed by the diffraction contrast 
as opposed to the mass-thickness and phase contrast in BF TEM. Thus, amorphous structures 
remaining in the place of the original P3HT crystals are visualized in the P3HT/PCBM system by 
electron tomography in the BF-mode. Dark-field TEM was also used to correctly identify the size 
(width) of the P3HT crystals.  

 

 

Figure 3.9  (a) Dark-field TEM images of the P3HT nanowires deposited on a TEM-grid with a thin layer of 
amorphous carbon: those structures get visualized that give rise to the shown part of the (020) P3HT-ring in 
the electron diffraction pattern. (b) Bright-field TEM images of the same locations of the specimen after the 
crystals have been destroyed (i.e. no ring is any longer visible in the electron diffraction pattern). The scale 
bar is 200 nm.  

a) b) 
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Figure 3.10 shows some results of electron tomography applied to P3HT/PCBM photoactive 
layers, viz. a few slices taken out of the 3D datasets at a different depth (z-location), as well as 
snapshots of the whole volume of these layers. When electron tomography was applied to spin-
coated P3HT/PCBM layers, it did show the morphology more clearly than BF-TEM images but 
revealed little new information. P3HT crystals look indeed short and imperfect in this film. After 
annealing, however, the tomography data evidently demonstrate the presence of 3D nanoscale 
networks of both the P3HT nanowires and PCBM. In the volume data some indication for inclination 
of the crystalline P3HT nanowires can be found, which is required for the creation of genuine 3D 
rather than 2D networks and is beneficial for hole charge transportation from any place within the 
photoactive layer to the hole collecting electrode.  

 

 

Figure 3.10  Results of electron tomography applied to P3HT/PCBM photoactive layers: as spin-coated, 
thermally annealed (TA) and solvent assisted annealed for 3 hours (SAA). First three rows contain slices 
taken out of a reconstructed volume of the corresponding film. All slices are lying in the horizontal (x,y) plane 
of the film at a different depth (z-location): one slice close to the top of the film (i.e. to the electron collecting 
LiF/Al electrode), another one in the middle of a film and the third one close to the bottom of the film (the hole 
collecting PEDOT:PSS/ITO electrode). The dimensions of the slices are about 1700 nm x 1700 nm. Images in 
the fourth row are snapshots of the corresponding film’s whole reconstructed volume, i.e. a stack of all the 
slices through the whole thickness of a film, with dimensions of about 1700 nm x 1700 nm x 100 nm.  
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By going slice by slice through the reconstructed volume of the annealed P3HT/PCBM films, 
the amount of crystalline P3HT nanowires can be quantified in relation to the actual z-position 
within the photoactive layer (see Figure 3.11, exemplarily performed on the thermally annealed 
P3HT/PCBM layer). As evident from Figure 3.11, there is enrichment of crystalline P3HT nanowires 
in the lower part of the photoactive layer close to the hole collecting electrode. The same trend was 
observed for P3HT/PCBM layers obtained by solvent assisted annealing for 3 hours. In this 
analysis, only crystalline P3HT nanowires are accounted for, as explained above (see Figure 3.9). 
Amorphous P3HT should be located around the crystalline P3HT nanowires, which is generally the 
case in folded chain polymer crystals. As this amorphous P3HT is in all probability mixed with 
PCBM, it has insufficient contrast with the rest of PCBM to be visualized by bright-field TEM. 
Vertical segregation of crystalline P3HT in the annealed films, as showed by electron tomography, 
should thus apply to all P3HT, including amorphous parts. Correspondingly, there should be 
enrichment of PCBM close to the top (electron collecting) electrode. The situation when more of the 
crystalline P3HT is located in the lower part of the film is expected to be beneficial for collection of 
holes as it suggests better percolation networks made of crystalline P3HT and PCBM.  
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Figure 3.11  Results of electron tomography: quantification of the crystalline P3HT nanowires distribution 
through the thickness of the thermally annealed P3HT/PCBM photoactive layer. Images a) and b) are original 
slices taken out of the reconstructed volume of the film, with slice in a) located close to the bottom of the film 
and b) close to the top of the film. Dimensions of the slices are 1700 nm x 1700 nm. Images c) and d) are the 
same slices after binarization: a threshold was set up such that the crystalline P3HT nanowires are white in 
colour and the rest is black. The relative area occupied by (white) P3HT in each slice can thus be determined 
for all slices through the whole thickness of the P3HT/PCBM film and plotted depending on a slice position (e).  

 

What exactly causes vertical segregation of crystalline P3HT is not clear at the moment. 
Previous studies based on modelling of data obtained by variable-angle spectroscopic ellipsometry 
(VASE)40 and on X-ray Photoelectron Spectroscopy (XPS)41 suggested that PCBM, and not P3HT, 
was preferentially concentrated on the bottom of the P3HT/PCBM films and that the reason for this 
is high surface energy of the PEDOT:PSS layer. The experimental approach and conclusions 
drawn in these studies do raise some questions though (see Section 4.7 for a more detailed 
discussion). Our results contradict the findings reported in these studies. One possible explanation 
of the observed here larger amount of (crystalline) P3HT in the lower part of the film is that some 
crystalline P3HT nanowires, already present in solution prior to spin-coating, may sediment during 
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the spin-coating process and subsequently trigger the further crystallization of P3HT in this part of 
the film during annealing. For the preparation conditions chosen, the presence of P3HT crystals in 
solution was demonstrated both by UV-Vis spectroscopy and by TEM studies (see Figure 3.12). No 
indication was found for aggregation of PCBM in solution. The issue of composition gradients 
through the thickness of P3HT/PCBM photoactive layers is discussed in more detail in Chapter 4 in 
Section 4.7.  
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Figure 3.12  Presence of P3HT crystals in solution. (a) UV-vis spectra of solutions of pure P3HT, pure PCBM 
and P3HT/PCBM in a 1:1 ratio in ODCB. The feature at around 605 nm is attributed to a π-π interchain 
absorption, the intensity of which is correlated with P3HT crystallinity (Ref. 37). (b) A BF-TEM image showing 
the presence of short P3HT nanowires in the P3HT/PCBM solution in ODCB prior to spin-coating of the 
photoactive layers. 

 

Besides composition gradients, electron tomography data can also be used to quantify the 
overall degree of crystallinity of P3HT in the P3HT/PCBM films. Based on density values of P3HT 
and PCBM and a 1:1 weight ratio of these components in the photoactive layer, P3HT should 
occupy ca. 58% of the total volume of the thermally annealed layer. From the plot presented in 
Figure 3.11, it can be estimated that approximately 35% of the layer volume is actually made up of 
crystalline P3HT nanowires, which indicates a high crystallinity of P3HT of about 60%. A 
comparable degree of P3HT crystallinity was also obtained for P3HT/PCBM after solvent assisted 
annealing (data not shown). For spin-coated films, this information was not directly accessible due 
to poor contrast in the corresponding 3D datasets but, based on electron diffraction data (where the 
intensity of the peak attributed to (020) reflections of P3HT crystals increased threefold upon 
annealing) the degree of P3HT crystallinity after spin-coating is estimated at around 20%.  

It would also be interesting to analyse further how the network of crystalline P3HT is built up, 
how many cross-junctions P3HT nanowires form, what is their exact length, what is the interface 
area between P3HT and PCBM, etc. However, even in annealed P3HT/PCBM films, the contrast 
between (crystalline) P3HT and PCBM is rather poor for such an analysis; no meaningful 
segmentation (binarization) of the whole 3D datasets is possible at the moment (see Section 5.7 for 
a more detailed discussion).  

To conclude, we have analyzed in some detail the 3D nanoscale organization of P3HT/PCBM 
photoactive layers by means of electron tomography and identified the critical morphology 
parameters contributing to the improved performance of P3HT/PCBM solar cell devices after 
thermal or solvent assisted annealing. This study shows that morphology development in a 
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P3HT/PCBM system proceeds as presented in Scheme 3.1. After spin-coating from the solution (in 
which few P3HT crystals are already present), the film morphology formed is far from 
thermodynamic equilibrium. Spin-coating is a rather fast process taking a few minutes only and 
obviously it is too fast for most of P3HT to crystallize: electron diffraction results show that the 
overall crystallinity of P3HT is quite low in P3HT/PCBM films after spin-coating (corresponding to a 
degree of P3HT crystallinity of around 20%). The resulting P3HT crystals are quite short and full of 
stacking defects, which accounts for low contrast in the resulting TEM images and for low values of 
the fill factor and short circuit current Jsc of devices obtained by spin-coating. However, after 
annealing treatment, thermodynamically driven reorganization of the P3HT/PCBM morphology 
takes place: many highly crystalline and up to micrometers long P3HT nanowires form all over the 
volume of the films. These nanowires compose a genuine 3D network, as shown by electron 
tomography, and serve as physical barriers to PCBM diffusion suppressing formation of bulky 
PCBM crystals at any time of the film preparation process.  
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Scheme 3.1  Morphology development in P3HT/PCBM photoactive layers depending on the film preparation 
method. In solution, some P3HT crystals are present. After spin-coating, the film morphology formed is far 
from thermodynamic equilibrium: in particular, the P3HT crystals are scarce and imperfect. Annealing 
treatment creates and stabilizes a 3D nanoscale interpenetrating network with high crystalline order and 
favourable concentration gradients of both components through the thickness of the photoactive layer. 

 

In annealed P3HT/PCBM photoactive layers, high crystallinity (of around 60%) of P3HT results 
in an improved absorption so that more photons can be harvested and more excitons created. The 
formed excitons are then easily dissociated into free charge carriers at the large interface between 
the crystalline P3HT nanowires having width of about 15-20 nm (in the order of the exciton diffusion 
length) and PCBM. Next, the high amount of the P3HT nanowires, their micrometer length, their 
inclination in the volume of the photoactive layers and their accumulation close to the bottom hole 
collecting electrode ensure effective hole transport. The latter is especially critical as performance 
of P3HT/PCBM devices is limited by relatively low hole mobility (at least one order of magnitude 
lower than mobility of electrons in PCBM).34,36 Nanocrystalline PCBM, accumulated in its turn close 
to the top electrode, ensures efficient electron transport. All the morphological changes in a 
P3HT/PCBM system after thermal or solvent assisted annealing result in improved photon 
absorption, efficient exciton dissociation, and improved and better balanced transport of free 
charges to the electrodes. This is reflected in higher values of FF and Jsc, and hence higher power 
conversion efficiency, of the corresponding P3HT/PCBM solar cell devices (see Scheme 3.2).  
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Scheme 3.2  The key factors, including those dealing with photoactive layer morphology (in bold), 
determining the parameters of device performance (Jsc, FF, Voc and η) of bulk-heterojunction PSCs, as 
already presented in Scheme 1.1 on page 6 and adapted here for the case of annealed P3HT/PCBM system. 
The morphological changes that were observed upon annealing of P3HT/PCBM devices in this study are 
marked (with ) and include the improved absorption of P3HT/PCBM films after annealing, existence of 
percolation pathways (viz. 3D interpenetrating networks both P3HT and PCBM-(rich) phases as revealed by 
electron tomography), short length of the percolations (manifested by favourable composition gradients 
through the film thickness), and higher crystallinity of P3HT. At this stage it is difficult to say how exactly the 
scale of phase separation changes upon annealing but at least it largely remains in the range of the exciton 
diffusion length due to favourable dimensions of P3HT crystals (see Figure 1.3 on page 8); see also Section 
5.4.  

 

 

3.3 Conclusions  

The technique of electron tomography was for the first time (to our knowledge) successfully applied 
to visualize with nanometre resolution and study in detail the 3D morphological organization in the 
photoactive layers of three efficient bulk-heterojunction PSCs, with aim to identify the critical 
morphology parameters contributing to high efficiency of these systems.  

In all three systems, viz. MDMO-PPV/PCBM, Polyfluorene/PCBM and P3HT/PCBM, electron 
tomography confirmed the existence of 3D nanoscale interpenetrating networks of donor and 
acceptor components. Such networks are indispensable for efficient PSC devices: they ensure 
effective dissociation of excitons into electrons and holes and benefit effective charge carrier 
transport from any place in the photoactive layer to the corresponding electrodes. The existence of 
3D networks in photoactive layers of PSCs has often been speculated in literature but never before 
were they observed directly with the nanometre-scale resolution.  

The best performing bulk-heterojunction system reported up to now (above 5% efficiency), viz. 
the P3HT/PCBM system after an annealing treatment (either at elevated temperature or during 
slow solvent evaporation), has been studied in more detail. Besides 3D nanoscale networks, 
efficient P3HT/PCBM photoactive layers are additionally characterized by high crystallinity of the 
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component having intrinsically lower mobility of free charges (i.e. P3HT) and by favourable 
composition gradients, viz. enrichment of (crystalline) P3HT next to a hole collecting electrode and 
enrichment of PCBM next to an electron collecting electrode. Such favourable gradients of donor 
and acceptor materials through the thickness of the photoactive layer should ensure the existence 
of the shortest percolation pathways to the corresponding electrodes and limit possibilities for 
charge recombination. Another piece of information highly relevant to performance of PSCs and 
inaccessible before application of electron tomography is the amount of crystalline P3HT that could 
be quantified with high accuracy in annealed P3HT/PCBM layers through the whole layer 
thickness.  

In this study, it was also observed that, in case of carbon-based materials (which are weak 
electron scatterers), the application of TEM in general and electron tomography in particular may 
be limited by poor contrast. The contrast between crystalline and amorphous carbon-based 
materials may sometimes be improved by using HAADF-STEM instead of BF-TEM imaging due to 
additionally enhanced diffraction contrast, as we have seen for the MDMO-PPV/PCBM system. 
However, some polyfluorene/PCBM photoactive layers from this study showed no contrast at all in 
BF-TEM or HAADF-STEM images, though they give rise to solar cells with respectable efficiency of 
2.5%. Also, the interpretation of the 3D datasets as obtained by electron tomography may be 
limited or complicated due to poor contrast like e.g. in P3HT/PCBM films, especially those obtained 
by spin-coating.  

 

3.4 Experimental  

Materials: P3HT (Mn = 19400 g/mol and PDI = 1.4 as determined by SEC, and regioregularity of 98% as 
determined by NMR, from Plextronics, Inc.), PCBM (with purity of >99%, Solenne B.V.) and MDMO-PPV (Mn 
= 23000 g/mol, from Aldrich) were used as received. For details on PF10TBT, see reference 25. 

Transmission Electron Microscopy (TEM) Measurements: The photoactive layers were floated from the 
water soluble PEDOT:PSS substrate onto the surface of demineralised water and picked up with 400-mesh or 
200-mesh copper TEM grids for TEM investigation. The sample for investigation of the P3HT/PCBM 
aggregates in ODCB solution (Figure 3.12) was prepared by diluting the original solution in excess of ODCB 
and drop-casting this diluted solution on top of a carbon-coated TEM copper grid under strong nitrogen flow to 
make the solvent evaporate as fast as possible. BF-TEM and HAADF-STEM morphology observation, 
acquisition of tilt series for electron tomography and acquisition of electron diffraction patterns were performed 
on a Tecnai G2 20 and on a cryo-TITAN TEM (both FEI Co.) operated at 200 kV and at 300 kV, respectively.  

All tilt series were obtained in an automatic fashion by using Xplore3D software, the alignment and 
reconstruction of the data series was performed by using Inspec3D (both FEI Co.), and visualization of the 3D 
reconstructed volume was done with Amira 4.1 (Mercury Computer Systems, Inc.). Unless indicated 
otherwise, the tilt series were acquired in the bright-field mode after pre-exposure of a specimen to the 
electron beam for a few minutes (to minimize sample shrinkage during tilt series acquisition ), in the tilting 
range of at least ±70º, by using a Saxton scheme with an increment of 1.5º at 0º-tilt. The alignment of tilt 
series taken from PF10TBT/PCBM and P3HT/PCBM samples was based on tracking of general features (by 
cross-correlation) followed by tilt axis alignment. In case of MDMO-PPV/PCBM, gold particles with a diameter 
of 20 nm were deposited in advance on top of the films to facilitate alignment. The reconstruction method 
used was SIRT (simultaneous iterative reconstruction technique); 20 iterations.  

The d-spacings of P3HT and PCBM crystals were obtained from the electron diffraction patterns by using 
nanocrystalline gold specimen for calibration.  

P3HT/PCBM Device fabrication: Mixed solutions were prepared by dissolving both components 
simultaneously in 1,2-dichlorobenzene (ODCB) (10 mg P3HT and 10 mg PCBM per 1 ml ODCB) and stirring 
at room temperature in the dark for 2 h. Few P3HT aggregates were formed in solution, and solutions were 
not filtered. The solar cell devices were fabricated by spin-coating a solution of P3HT and PCBM, sandwiched 
between a transparent anode and a cathode. The anode consisted of cleaned indium tin oxide (ITO) 
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patterned glass substrates (Philips Research) covered by spin-coating a poly(3,4-ethylenedioxythiophene)/ 
poly(styrenesulfonate) (PEDOT:PSS) dispersion (Baytron® P VP AI 4083; H.C. Starck) after filtration using a 
0.45 μm filter. The thickness of the PEDOT:PSS layer was around 70 nm as determined with a Tencor P-10 
surface profiler. The cathode consisted of LiF (1 nm) capped with Al (100 nm).  

The ITO-coated glass substrates were cleaned by ultrasonic treatment in acetone, followed by rubbing 
with soap, rinsing in demineralised water, refluxing in isopropyl alcohol to remove water and finally they were 
treated in a UV-ozone oven for ca. 30 minutes.  

Spin-coating of a P3HT/PCBM solution in ODCB on top of a PEDOT:PSS layer with a spin speed of 500 
rpm for 4 minutes resulted in formation of homogeneous layers with thickness of about 100 nm. After spin-
coating, the samples were transferred into a glovebox with a nitrogen atmosphere to evaporate LiF and Al at 
pressure of < 10-6 mbar. The active device area was 16.2 mm2. Thermal annealing was performed on 

complete devices at 130 C for 20 minutes on top of a hot plate inside a glovebox. For solvent assisted 
annealing, a P3HT/PCBM solution was spin-coated inside a glovebox at 500 rpm for 1 minute only, so that the 
resulting layer remained wet, and putting the sample inside a closed Petri dish immediately after spin-coating, 
where it stayed for the duration of annealing. The thickness of photoactive layers thus obtained was about 
100 nm as determined with a Tencor P-10 surface profiler. 

Several devices of each type (obtained by spin-coating only, by spin-coating followed by thermal 
annealing and by solvent assisted annealing) were prepared for characterization of their performance. 
Current-voltage characteristics were measured with a Keithley 2400 source measurement unit. Illumination 
was carried out with UV (GG 385) and infrared (KG1) filtered light from an uncalibrated tungsten halogen 
lamp (75 mW/cm2). The light intensity of this light source provides for P3HT:PCBM blends a power output that 
is within 20% of the AM1.5 (100 mW/cm2) performance. 

Absorption data were acquired using a Perkin Elmer UV-Vis spectrometer Lambda 40.  
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Chapter 4 

Relation between Photoactive Layer Thickness, 3D Morphology 
and Device Performance in P3HT/PCBM Solar Cells 

To get an efficient organic solar cell, as much light as possible should be absorbed by the 

photoactive layer; as a consequence, thick layers should be preferable. However, it is often 

observed that much thinner photoactive layers result in more efficient devices than the 

corresponding thicker layers absorbing more light. Besides light absorption, other aspects such as 

efficient exciton dissociation, charge transportation and charge collection are of crucial importance, 

and all of them are strongly influenced by the volume morphology of the photoactive layer.  

In this study of bulk-heterojunction solar cells based on poly(3-hexylthiophene) (P3HT) and a 

fullerene derivative PCBM, we show that the resulting P3HT/PCBM morphology is strongly 

determined by the layer thickness because the kinetics of solvent evaporation and crystallization is 

different in films of different thickness. For the preparation conditions chosen in this study, an 

optimum morphological organization of the photoactive layer characterized by high crystallinity of 

P3HT, viz. numerous crystalline P3HT nanowires forming a three-dimensional network, and 

enrichment of crystalline P3HT closer to the hole collecting electrode can only be achieved for 

relatively thin (100 nm) P3HT/PCBM layers. Corresponding devices absorb only a limited fraction of 

all available photons but have the highest efficiency. 
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4.1 Introduction  

The most straightforward way to increase efficiency of polymer solar cells (PSCs) would be to use 
sufficiently thick photoactive layers, in order to absorb as many photons as possible. Besides the 
photoactive layer thickness, the efficiency of bulk-heterojunction PSCs is, however, largely 
determined by the three-dimensional (3D) morphology of the donor and acceptor compounds within 
the photoactive layer (see Scheme 1.1 on page 6). Ideally, the photoactive layer morphology 
should be characterized by different length-scales in the volume of the film (see Figure 1.4 on page 
10): phases of donor and acceptor materials in the order of 10-20 nm in two dimensions (for 
efficient charge separation) and percolation pathways through the whole thickness of the film, i.e. a 
few hundreds nanometres, in the third dimension (for efficient charge collection).1,2 

The requirement of donor and acceptor phases of different length-scale in three dimensions 
makes the control of spontaneous morphology formation during film deposition from solution very 
challenging, especially in case of thicker photoactive layers. For optimum light absorption, the layer 
should ideally be about 250-300 nm thick, whereas it is often observed that thinner films of ca. 80-
150 nm perform better in bulk-heterojunction PSCs even though they effectively absorb less light. 
In case of the most efficient (at present) bulk-heterojunction system based on poly(3-
hexylthiophene) (P3HT) and a fullerene derivative PCBM, it has also often been observed that 
relatively thin P3HT/PCBM layers give the best performance3,4 (though thicker, about 220-250 nm, 
P3HT/PCBM layers can sometimes be very efficient, too)5-7. In this study, the best performance 
was obtained for P3HT/PCBM layers with a moderate thickness of 100 nm and increasing the film 
thickness only lead to lower power conversion efficiencies, in spite of the increased absorption. 

The exact value of the optimum thickness depends in general on many different parameters, 
such as chemical architecture of the components (viz. molecular weight distribution and 
regioregularity of P3HT), eventual, however minor, impurities in P3HT and/or PCBM (which may 
deteriorate electronic properties but may also promote crystal growth by serving as nucleation 
centres for crystallization), and exact processing condition, viz. type of the organic solvent used, 
presence of crystalline aggregates of P3HT or PCBM in solution/dispersion prior to film deposition, 
type of a film deposition technique used (spin-coating, doctor blading, inkjet printing), exact 
conditions of film formation (such as spin speed), etc. It should also be mentioned the optimum 
layer thickness depends on the interference effects present in the thin film multilayer device8 and 
can be influenced by the use op optical spacers.9,10 

In this study, we focus on the relationship between device performance and three-dimensional 
(3D) morphology of photoactive layers of different thickness in P3HT/PCBM bulk-heterojunction 
solar cells, both before and after thermal annealing. Our aim is to identify the reasons of poor 
performance in case of thicker photoactive layers absorbing more light but failing to convert it into 
the photocurrent, as observed in this study. P3HT/PCBM photoactive layers of different thickness 
were obtained by varying the total concentration in solution and keeping all the preparation 
conditions (like the solvent used, spin speed, annealing time and temperature) the same. 
P3HT/PCBM layers with thickness of 50, 100 and 200 nm have been taken for this study, as layers 
having clearly different absorption levels (also when interference effects are taken into account)8 
and giving rise to distinctly different device performance. For a comprehensive morphology 
characterization of P3HT/PCBM layers, atomic force microscopy (AFM), electron diffraction and the 
technique of electron tomography were applied.   

 

4.2 Experimental  

Device fabrication: P3HT (with Mn = 19400 g/mol and PDI = 1.4 as determined by SEC, and regioregularity of 
98% as determined by NMR, from Plextronics, Inc.) and PCBM (with purity of >99%, Solenne B.V.) were used 
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as received. Mixed solutions were prepared by dissolving both components simultaneously in 1,2-
dichlorobenzene (ODCB) in a 1:1 ratio, with total concentration ranging from 10 mg/ml up to 34 mg/ml, and by 
stirring at room temperature overnight in the dark. It resulted in homogeneous solutions/dispersions with some 
P3HT aggregates present (as confirmed by UV-vis spectroscopy and TEM studies). The solutions were not 
filtered. The solar cell devices were fabricated by spin-coating a solution of P3HT and PCBM, sandwiched 
between a transparent anode and a cathode. The anode consisted of cleaned indium tin oxide (ITO) 
patterned glass substrates (Philips Research) covered by spin-coating a poly(3,4-ethylenedioxythiophene)/ 
poly(styrenesulfonate) (PEDOT:PSS) dispersion (Baytron P VP AI 4083; H.C. Starck) after filtration using a 
0.45 μm filter. The thickness of the PEDOT:PSS layer was about 70 nm as determined with a Tencor P-10 
surface profiler. The cathode consisted of LiF (1 nm) capped with Al (100 nm).  

The ITO-coated glass substrates were cleaned by ultrasonic treatment in acetone, followed by rubbing 
with soap, rinsing in demineralised water, refluxing in isopropyl alcohol to remove water and finally they were 
treated in a UV-ozone oven for ca. 30 minutes.  

Spin-coating (in air) of a P3HT/PCBM solution in ODCB on top of a PEDOT:PSS layer with a spin speed 
of 500 rpm resulted in the formation of homogeneous layers with thicknesses between 50 and 200 nm, 
depending on the total concentration in solution. After spin-coating, the samples were transferred into a 
glovebox with a nitrogen atmosphere to evaporate LiF and Al at pressure of < 10-6 mbar. The active device 

area was 16.2 mm2. Thermal annealing was performed on complete devices at 130 C for 20 minutes on top 
of a hot plate inside a glove-box. Neither annealing for longer times (up to 1 hour), nor annealing at different 
temperatures resulted in better devices than those reported here. The thickness of the photoactive layers was 
determined with a Tencor P-10 surface profiler. 

Current density-voltage (J-V) measurements were carried out at room temperature with a computer-
controlled Keithley 2400 Source Meter in the dark or under simulated solar light (100 mW/cm2) from a Philips 
Brilliantline Pro 50 W tungsten-halogen lamp, filtered by UV (GG 385) and infrared (KG1) filters. 

Absorption data were acquired using a Perkin Elmer UV-Vis spectrometer Lambda 40.  

Atomic Force Microscopy (AFM) images were acquired using a Solver P47HT with NSG 11 tips (both NT-
MDT Co., Moscow, Russia). 

Transmission Electron Microscopy (TEM) measurements: For TEM investigations, the P3HT/PCBM 
layers were floated from the water soluble PEDOT:PSS substrate onto the surface of demineralised water and 
picked up with 200-mesh copper TEM grids. Bright field TEM morphology observation, acquisition of tilt series 
for electron tomography and acquisition of electron diffraction patterns were performed on a Tecnai G2 20 
TEM (FEI Co.) operated at 200 kV.  

All tilt series were obtained in an automatic fashion by using Xplore3D software, the alignment and 
reconstruction of the data series was performed by using Inspec3D (both FEI Co.), and visualization of the 3D 
reconstructed volume was done with Amira 4.1 (Mercury Computer Systems, Inc.). The tilt series were 
acquired in the bright-field mode after pre-exposure of a specimen to the electron beam for a few minutes (to 
minimize sample shrinkage during tilt series acquisition ), in the tilting range from about -70º to +70º, by using 
a Saxton scheme with an increment of 1.5º at 0º-tilt. The alignment of tilt series was based on tracking of 
general features (by cross-correlation) followed by tilt axis alignment. The reconstruction method used was 
SIRT (simultaneous iterative reconstruction technique); 20 iterations were applied.  

The d-spacings of P3HT and PCBM crystals were obtained from the electron diffraction patterns by using 
a nanocrystalline gold specimen for calibration.  

 
4.3 Device Performance and Light Absorption  

For the combination of materials and the preparation route used in this study, the best device 
performance was observed for thermally annealed P3HT/PCBM photoactive layers of a moderate 
thickness of around 100 nm. Going to thinner or thicker photoactive layers resulted in poorer device 
performance, in spite of improved light absorption in case of the thicker layers (see Table 4.1 and 
Figure 4.1). It is especially remarkable that the number of free charges extracted at the electrodes 
is quite low in case of thicker photoactive layers, as reflected in the values of the short-circuit 
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current Jsc. Obviously, a straightforward increase of the photoactive layer thickness by adjusting 
concentration in solution, as performed in this study, does not guarantee that an optimum 
morphological organization gets reproduced in thicker layers and thus does not automatically lead 
to higher efficiency of solar cell devices. In the following, we analyze the volume morphology in 
relation to the P3HT/PCBM layer thickness and focus on the possible reasons for the lower 
efficiency of thicker layers. 
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Figure 4.1  UV-Vis spectra of P3HT/PCBM photoactive layers of different thickness (50 nm to 200 nm) giving 
rise to solar cell devices performing as listed in Table 2. Graphs with open symbols correspond to layers 
directly after spin-coating, graphs with filled symbols to layers after subsequent thermal annealing. The inset 
shows a plot of the overall power conversion efficiency η (not corrected for spectral mismatch) of a number of 
thermally annealed P3HT/PCBM devices as a function of the photoactive layer thickness. P3HT/PCBM 
photoactive layers with thickness of 50, 100 and 200 nm have been taken for a detailed morphological study.  

 

Table 4.1  Performance of the P3HT/PCBM solar cells used in this study: short circuit current density Jsc, 
open circuit voltage Voc, fill factor FF, power conversion efficiency η (not corrected for spectral mismatch). The 
structure of solar cells is in all cases: ITO / PEDOT:PSS (70 nm) / P3HT:PCBM (1:1) / LiF (1 nm) / Al (100 
nm). All photoactive layers were spin-coated (SC) at 500 rpm. Different layer thickness is a result of different 
total concentration of P3HT/PCBM (1/1) in a solvent (o-dichlorobenzene). Thermal annealing (TA) was 
performed at 130 C for 20 minutes. 

Film Thickness 
(nm) 

Film 
Preparation

Jsc 
(mA/cm2)

Voc (V) FF η (%) 

50 SC 2.6 0.55 0.60 0.8 

50 TA 3.4 0.58 0.58 1.2 

100 SC 6.6 0.56 0.52 1.9 

100 TA 9.4 0.60 0.62 3.5 

200 SC 5.5 0.53 0.56 1.6 

200 TA 5.6 0.57 0.61 1.9 

 

 

4.4 Crystalline P3HT Nanowires in P3HT/PCBM Films 

Both P3HT and PCBM can crystallize: PCBM by eventually forming big bulky crystals (as often 
observed in blends of PCBM with amorphous poly(p-phenylenevinylene) MDMO-PPV)11-13 and 
P3HT by forming crystalline nanowires with typical widths of about 15-20 nm, thickness of just a 
few nanometres, and lengths of hundreds of nanometres or even a few micrometers (see Figure 
1.3 on page 8).14 As described in Chapter 1, higher crystallinity of electron donor and acceptor 
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materials enhances the mobility of free charges (holes and electrons, respectively), which benefits 
device performance. The size and form of the crystals formed are, however, very critical: if the 
requirements of nanoscale phase separation and existence of percolating pathways leading to the 
electrodes are not met, higher crystallinity on its own will not lead to more efficient devices. For 
example, thermal annealing deteriorates the performance of MDMO-PPV/PCBM solar cells 
immediately as a result of the formation of bulky PCBM crystals in the amorphous polymer-rich 
matrix (large-scale phase separation).12,13 On the contrary, the shape of P3HT crystals is in general 
very suitable for high-efficiency of bulk-heterojunction PSCs: their width and thickness are in the 
right (nanometre) range to maximize the exciton dissociation at their interface with PCBM, while 
their length makes them serve as efficient percolations throughout the photoactive layer. 

 

 
Figure 4.2  Bright-field TEM images of P3HT/PCBM photoactive layers with different thickness: 50 nm (a, b), 
100 nm (d, e) and 200 nm thick (g, h). Images in a), d) and g) correspond to layers obtained by spincoating 
only and images in b), e) and h) to layers obtained after subsequent thermal annealing. The scale bar is 200 
nm. The insets are electron diffraction patterns acquired at the same spot as TEM images: a broad inner ring 
originates from PCBM nanocrystals (with d-spacing of 0.46 nm) and a thin outer ring comes from (020) 
reflections of P3HT crystals (d-spacing of 0.39 nm). The corresponding electron diffraction intensities were 
integrated all over the rings (besides the part masked by a beam stopper), normalized to the PCBM-peak 
maximum and are plotted in c), f) and i) as a function of the distance from the centre of electron diffraction 
patterns, which scales with 2θ. TA refers to thermally annealed layers (solid line) and SC to spin-coated 
layers (dashed line). 

 
It has been shown that the presence of crystalline P3HT nanowires suppresses formation of 

bulky PCBM crystals at any stage of P3HT/PCBM film formation (so that PCBM is present in the 
form of nanosized crystals only) and that the improved crystallinity of P3HT after thermal annealing 
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is one of the key factors accounting for improved efficiency of annealed P3HT/PCBM devices.4,15,16 
This was also the case with P3HT/PCBM photoactive layers used in this study. No bulky PCBM 
crystals were observed by transmission electron microscopy (TEM), whereas crystalline P3HT 
nanowires can be distinguished in most TEM images as bright-looking fibrils (see Figure 4.2). For 
bright-field TEM imaging, P3HT nanowires look bright and PCBM-rich regions dark because of the 
lower density of P3HT crystals (1.1 g/cm3) as compared with PCBM (1.5 g/cm3). Interpretation of 
such conventional TEM images can be quite complicated because these are essentially 2D 
projections of the actual 3D specimens under observation. Multiple stacking of the features which 
are relatively thin compared to the specimen’s thickness, such as P3HT nanowires (a few 
nanometres thick) in the given P3HT/PCBM photoactive layers, will inevitably result in images 
looking blurred. Indeed, P3HT nanowires are most clearly visible in the thinnest (50 nm) film after 
thermal annealing (see Figure 4.2b). Further, the electron diffraction results show that P3HT 
crystallinity, characterized by the intensity of a bright outer Debye-Scherrer ring corresponding to 
(020) reflections,14 increases after thermal annealing. This effect is especially pronounced in case 
of 50 and 100 nm thick films. 

 

4.5 Morphology on the Films’ Surface 

Corresponding atomic force microscopy (AFM) investigations of the photoactive layers morphology 
have also been performed. In contrast to TEM, AFM provides information on the morphology of the 
specimen’s surface rather than on the internal film organization. As shown in Figure 4.3, the 
surface morphology is different in case of P3HT/PCBM photoactive layers of different thicknesses 
and before and after the thermal annealing treatment. Only in 50 nm thick films, P3HT nanowires 
are nicely visible on the top surface after thermal annealing (Figure 4.3b). In case of 100 nm or 
thicker P3HT/PCBM films (AFM images for thicker samples look similar to Figure 4.3d and are not 
shown), no or only very few P3HT nanowires were detected by AFM, neither before nor after 
thermal annealing, even though P3HT is present in a (semi-)crystalline form in all these films, as 
confirmed by electron diffraction results described above. The kinetics of P3HT film formation, 
phase separation in general and crystallization during spincoating and thermal annealing is 
different in case of films of different thickness. We assume that in thicker P3HT/PCBM layers, 
amorphous, rather than crystalline, material is driven during crystallization to the top of the film. 

 

 
Figure 4.3  AFM phase images of P3HT/PCBM layers: 50 nm thick (a, b) and 100 nm thick (c, d). Layers in a) 
and c) were obtained by spin-coating only and in b) and d) by thermal annealing. Scan area is 2.5 μm x 2.5 μm. 

a) b) 

c) d) 
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4.6 3D Morphology by Electron Tomography 

To understand and to link the morphological organization and performance of photoactive layers of 
bulk-heterojunction solar cells, it is essential to have information in terms of volume organization: 
how the morphology of a specimen looks like in all three dimensions, whether there are 
percolations to the top and bottom electrodes, etc. The technique that provides this volume 
information is electron tomography.17-20  The snapshots of the 3D datasets as obtained by electron 
tomography for some P3HT/PCBM layers used in this study are shown in Figure 4.4. In all 
presented volume data, crystalline P3HT nanowires are inclined in the volume of the film, signifying 
that P3HT forms 3D rather than 2D networks. The existence of 3D networks of P3HT is beneficial 
for hole transport from any place within the photoactive layer to the hole collecting (positive) 
electrode. 

 

 
Figure 4.4  Results of electron tomography applied to P3HT/PCBM photoactive layers: thermally annealed 
(TA) 50 nm thick, thermally annealed 100 nm thick, as spin-coated (SC) 200 nm thick and thermally annealed 
200 nm thick layer. The first column represents snapshots of the corresponding film’s whole reconstructed 
volume, and the second and third columns contain slices taken out of these 3D datasets: one slice close to 
the bottom of the film (i.e. next to PEDOT:PSS layer) and another slice close to the top of the film (i.e. LiF/Al 
electrode). The dimensions of the slices, or lateral dimensions of the 3D volume, are about 1700 nm x 1700 
nm.  
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Thinner films, 50 nm and 100 nm thick, that were obtained by spin-coating only, revealed little 
features in the reconstructed volume (data not shown). The contrast between P3HT and PCBM is 
quite poor in these layers, which means that P3HT crystals are very imperfect: short and/or full of 
stacking defects. Low crystallinity of P3HT in these films is supported by electron diffraction data 
(Figure 4.2). After thermal annealing, crystallinity of P3HT in these layers (50 nm and 100 nm thick) 
increases significantly, resulting in long perfect P3HT nanowires that were nicely visualized by 
electron tomography, as can be seen in Figure 4.4. The fact that these nanowires are indeed 
crystalline and not (partly) amorphous, has been additionally confirmed by conical dark-field TEM 
investigations (data not shown), where the image formation is governed by diffraction contrast as 
opposed to the mass-thickness and phase contrast in case of bright-field TEM.  

Once volume data have been obtained, it is especially interesting to track possible morphology 
heterogeneities through the thickness of a P3HT/PCBM film (in z-direction), which can be done by 
dividing the reconstructed volume of a film into thin horizontal slices. Figure 4.4 shows few of such 
slices taken out of the volume data sets at different depths of P3HT/PCBM photoactive layers. It 
can be seen that in thermally annealed 50 nm and 100 nm films, the density of P3HT nanowires is 
different on the bottom and on the top of the film, namely that the P3HT nanowires network is 
denser closer to the bottom i.e. to the positive (PEDOT:PSS/ITO) electrode. This difference is 
especially strong in case of a thermally annealed 100 nm thick films. On the other hand, in 200 nm 
thick films, the distribution of crystalline P3HT nanowires is homogeneous through the film 
thickness. By going slice by slice through the reconstructed volume, the amount of crystalline P3HT 
nanowires can be quantified in relation to the actual z-position within the photoactive layer, as was 
described in Section 3.2.3 (see Figure 4.5).  
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Figure 4.5. Quantification of the crystalline P3HT nanowires distribution through the thickness of the thermally 
annealed (TA) P3HT/PCBM photoactive layers: 50 nm, 100 nm and 200 nm thick. The thickness of 0 nm 
corresponds to the bottom side of the layer, i.e. the one next to the hole collecting PEDOT:PSS / ITO 
electrode. (Since the P3HT/PCBM films get ca. 25-30% thinner when exposed to the electron beam, these 
composition profiles have been normalized to the initial film thickness as determined by a surface profiler.) 

 

In case of 200 nm thick P3HT/PCBM films, the morphological organization and trends in 
morphology development upon thermal annealing as revealed by electron tomography are different 
in a few important aspects from thinner films. First, P3HT nanowires can already be distinguished 
in the 200 nm films right after spin-coating (Figure 4.4). The second difference is that there is no 
vertical segregation of (crystalline) P3HT in 200 nm films: the density of P3HT nanowires is 
basically the same in slices taken close to the bottom and to the top of the volume stacks, both in 
spin-coated and in annealed films. Finally, crystallization during film formation (spin-coating) as well 
as during the annealing treatment seems to follow different routes: initial crystallinity of P3HT in the 
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as spin-coated layer is higher than in thinner films and only a small increase is observed after 
thermal annealing (see Figure 4.2i and Table 4.2 below). Since it takes longer for a solvent to 
evaporate in these thicker films, P3HT crystallizes to a larger extent already during spin-coating. 
P3HT macromolecules retain their high mobility for longer time due to longer presence of the 
solvent in the film, and the resulting crystal organization is thus closer to the equilibrium state. 
Subsequent thermal annealing only slightly improves the quality of these P3HT crystals: the P3HT 
peak intensity in electron diffraction patterns increases slightly (Figure 4.2i), and the P3HT 
nanowires get more pronounced (have higher contrast with PCBM-rich surroundings) in slices 
taken from the reconstructed volume stacks of thermally annealed films (Figure 4.4).  

 

4.7 Vertical Gradient of (Crystalline) P3HT 

As evident from Figure 4.5, two types of vertical organization were observed in this study in 
P3HT/PCBM films depending on the film preparation and the resulting film thickness: 1) enrichment 
in crystalline P3HT nanowires in the lower part of the films (in case of 50 nm and 100 nm thick 
annealed P3HT/PCBM layers) and 2) homogeneous distribution of crystalline P3HT through the 
film thickness (in 200 nm thick layers).  

Unlike the crystalline P3HT nanowires, the remainder of P3HT (in the amorphous form) is in all 
probability mixed with PCBM and thus shows insufficient contrast with the rest of PCBM to be 
visualized in bright-field TEM. It is most likely that (most of) the amorphous P3HT is located around 
the highly crystalline nanowires, as is generally the case in chain-folded polymer crystals. Thus, 
vertical segregation of P3HT most probably applies to all P3HT, including amorphous parts. In 
addition, for device performance, it is most relevant to know how the perfect crystalline nanowires 
are distributed in the volume of the photoactive layer, rather than the distribution of the total P3HT: 
nanowires form a network of perfect “high-ways” for hole transport and thus largely determine the 
efficiency of hole transport. The distribution of amorphous P3HT (compared with narrow slow 
country roads) is of less interest in this respect. The situation when more of the crystalline P3HT is 
located in the lower part of the film and more of PCBM in the upper part should be beneficial for 
collection of electrons and holes at the corresponding electrodes. 

Recent studies of vertical composition in P3HT/PCBM films involved modelling of data obtained 
by variable-angle spectroscopic ellipsometry (VASE)21 and the use of X-ray photoelectron 
spectroscopy (XPS) to compare composition of the bottom and top few nanometres of the films22. It 
concerned the total amount of P3HT and PCBM, without distinction between crystalline and 
amorphous P3HT. In both studies, it was stated that PCBM was preferentially concentrated on the 
bottom of the P3HT/PCBM films and P3HT closer to the top of the films and that the reason for this 
is the high surface energy of the PEDOT:PSS layer.  

However, the approach and conclusions drawn in both of these studies do raise some 
questions. In the publication of Xu et al. (ref. 22), XPS is used to characterize the P3HT/PCBM ratio 
(on basis of ratio between peaks originating from carbon and sulphur) on the bottom and top 
surfaces of P3HT/PCBM films. The authors use the C 1s peak, notorious for its unreliability, for 
quantification of C/S ratios assuming that “carbon contamination is not so serious”. However, the 
samples were prepared in a wet chemical way by rinsing them in water and the authors did find 
oxygen contamination significant and leading to unreliable results. There is absolutely no reason to 
assume, especially for the described sample preparation, that carbon contamination would be less 
significant. For instance, if a droplet of demineralised water is put on a metal and evaporated and 
the sample is then investigated by XPS, it may occur that no metal signal at all is detected by XPS 
because the metal surface is literally buried (within the XPS detection depth of a few nanometres) 
under C contamination.23 Of course, carbon contamination is expected to be less significant on 
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carbon-based films than on metal surfaces but it can never be ruled out and, as a matter of fact, the 
C 1s peak is generally unsuitable for any meaningful quantification. Additionally, PEDOT:PSS 
dissolving in water may lead to sulphur and oxygen contaminations of the samples. This may be 
the very reason of the reported high oxygen contaminations.  

If the authors do use the C 1s signal for quantification, a clear explanation of their reasoning is 
required. It might be that the C-signal in XPS corresponding specifically to π-π interactions in 
PCBM and P3HT or the C-signal corresponding to C*OOCH3 group of PCBM (which are 
characterized by a chemical shift as compared to aliphatic C-contaminations) can be identified, 
eventually deconvoluted and used for quantification. To find this out, the detailed XPS investigation 
of pure PCBM and P3HT compounds is mandatory. However, there is no reference to using any 
specific C-signals anywhere in the concerned publication; nor are any studies of pure components 
mentioned.  

In addition, Xu et al. use fluorinated PCBM (F-PCBM) as a compound mimicking the 
morphological behaviour of PCBM. It is doubtful that this exchange is so straightforward: F-PCBM 
is expected to have slightly different solubility as compared with PCBM, different crystallization 
behaviour, different surface tension (attracting different levels of contaminations…), different 
interaction with P3HT (crystals), etc. 

In another study on the subject by Campoy-Quiles et al. (ref. 21), data obtained with VASE on 
P3HT/PCBM films is used to model the vertical composition profiles. The authors found that the 
best model fitting their VASE-data is the one where the film consists of two layers: P3HT/PCBM 
layer and PCBM/air layer on top of it. From the composition profiles presented, the top PCBM/air 
layer should be about 25% to sometimes as much as 40% of the thickness of the P3HT/PCBM 
layer underneath. No experimental evidence is presented to justify this model. An easy approach to 
do so would be to compare the roughness of the films (from AFM measurements) with their 
thickness, to estimate whether the PCBM/air layer on top the films is indeed so thick. The authors 
did take topography AFM-images and mentioned in the text that surface roughness increased after 
thermal annealing but no numbers are given on what this roughness actually is (no colour legend 
accompanies AFM-images).  

In some of the annealed samples in the study of Campoy-Quiles et al., plenty of large-scale 
PCBM clusters can be observed. This situation is clearly different from morphologies we studied, 
where no large-scale PCBM clusters are present. The most relevant data for us concerns thermally 
annealed P3HT/PCBM films prepared on PEDOT:PSS. According to Campoy-Quiles et al., the 
volume percentage of (total) P3HT in these ca. 150 nm thick films changes from ca. 53 vol.-% on 
the bottom to the ~60 vol.-% on the top of the film. No error bars are given (and some spread 
should certainly be there, at least to account for the evidently changing amounts of P3HT and 
PCBM after annealing of the same film in Figure 3a), so it is difficult to conclude how significant this 
gradient actually is. At any rate, it seems to be comparable with situation observed in our 200 nm 
thick films (viz. a homogeneous gradient of crystalline P3HT, within the accuracy of ±3 vol.-%).  

In general, however, we do not doubt that the unfavourable gradient (more of PCBM below and 
more of P3HT on top of the film) is possible. We have observed it with electron tomography too, in 
P3HT/PCBM samples prepared from a different grade of P3HT than the one used in the present 
study (viz. the one having different molecular weight distribution, lower regioregularity, and different 
type and amount of impurities), and by using different film preparation conditions. This study is 
reported in the following Chapter (Chapter 5). 

It should be noted that there are also SIMS (secondary ion mass spectrometry) studies of 
MDMO-PPV/PCBM24 and polyfluorene/PCBM blends25, which show a homogeneous distribution of 
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both polymer and PCBM through the film thickness. It may be interesting to apply SIMS to 
P3HT/PCBM blends too, to follow the vertical distribution of the (total) P3HT and PCBM.  

As compared to using XPS and modelling of VASE data, the technique of electron tomography 
has a number of advantages to study vertical organization in P3HT/PCBM films. First of all, this 
technique does not require any assumptions on morphological organization (like in modelling of 
VASE data), nor is there a risk of introducing such artefacts as carbon and oxygen contaminations 
in case of surface-sensitive techniques like XPS. Next, electron tomography does not only provide 
some numbers on how P3HT is distributed in the film but it allows direct observation of the 
crystalline P3HT nanowires with high accuracy at any depth of the film. A minor disadvantage of 
this technique is that a few nanometres of the top and bottom of the films are usually difficult to 
interpret (due to the missing wedge, see Section 2.9) but, for this, AFM may provide relevant data. 
Finally, as already mentioned in the beginning of this Section, the crystalline P3HT nanowires (as 
visualized by electron tomography) are more critical for P3HT/PCBM device performance than the 
total (crystalline and amorphous) P3HT. 

The fact that electron tomography revealed different sorts of vertical gradients in P3HT/PCBM 
films of different thickness deposited on the same PEDOT:PSS substrate dismiss the key role of 
the underlying substrate’s surface energy for formation of vertical gradients, as previously 
suggested. On the basis of the findings of this study, we infer that the existence and type of 
composition gradients through the thickness of the active layer are largely determined by the kinetic 
aspects of film formation due to different solution viscosity, different time it takes for the solvent to 
evaporate and eventual differences in local solvent concentration. These aspects have a direct 
impact on how long the (macro)molecules are mobile in the given solution/dispersion, on eventual 
precipitation of components depending on local variations in solvent concentration, and thus on 
formation of nuclei and subsequent growth and distribution of (nano)crystals throughout the active 
layer.  

 

4.8 The Impact of the P3HT Crystallinity and P3HT Gradient 

On the basis of the electron tomography data, such as plots presented in Figure 4.5, the overall 
crystallinity of P3HT in the P3HT/PCBM photoactive layers can be straightforwardly quantified, as 
described in Section 3.2.3. Since hole transport is a limiting factor in P3HT/PCBM device 
performance, higher P3HT crystallinity (hence higher hole mobility26,27) results in general in more 
efficient solar cell devices. This trend holds for the given P3HT/PCBM films, too (see Table 4.2). 

However, the levels of P3HT crystallinity can not explain all the differences observed in this 
study, namely they can not explain a relatively poor performance of (both) 200 nm thick films and of 
50 nm thermally annealed P3HT/PCBM films. If we consider the scale of phase separation, it is 
hardly different in all the films and thus can not be the primary reason for it. One might even say 
that the PCBM-rich domains are the largest, and larger than desirable, in the top half of the 100 nm 
thick thermally annealed films, which actually show the best performance. From the data presented 
in Table 4.2 and in Figure 4.5, it follows that, along with a high level of the overall P3HT crystallinity 
in a photoactive layer, a high density of P3HT nanowires close to the bottom hole collecting 
electrode and correspondingly enrichment of PCBM in the top part of the film is another parameter 
contributing to the high device performance. These favourable concentration gradients of donor 
and acceptor materials through the thickness of the active layer should ensure the existence of the 
effective percolation pathways to both electrodes and thus limit possibilities for charge 
recombination. 

An additional reason for a poorer performance of 50 nm thick thermally annealed films lies 
most probably in the fact that in these films the P3HT nanowires are located on the top surface, as 
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shown by AFM (Figure 4.3). This was not observed in any other P3HT/PCBM films in this study: no 
other films had crystalline P3HT nanowires directly on the top surface, i.e. next to the (wrong for 
P3HT) electron collecting electrode. AFM is in this sense complementary to the data obtained by 
electron tomography, which often cannot provide reliable information on morphology of the very 
bottom and top part of a film (the first and last ~2 nm). The presence of crystalline P3HT nanowires 
(hole transporters) right next to the electron collecting electrode may be the very reason for a 
decrease in fill factor (FF) upon annealing in 50 nm films (whereas FF increases after annealing in 
thicker layers) and for relatively low Jsc values.  

 

Table 4.2  Performance and morphological parameters of the P3HT/PCBM solar cells: short circuit current 
density Jsc, open circuit voltage Voc, fill factor FF, power conversion efficiency η (not corrected for spectral 
mismatch). SC refers to films obtained by spin-coating and TA to films obtained by thermal annealing.  

Film 
Thickness 

(nm) 

Film 
Preparation 

Jsc 
(mA/cm2) 

Voc (V) FF η (%) 
P3HT 

gradient* 
Overall P3HT 

Crystallinity (%)* 

50 SC 2.6 0.55 0.60 0.8 N/A 23±5 ** 

50 TA 3.4 0.58 0.58 1.2 Yes (weak) 47±3 

100 SC 6.6 0.56 0.52 1.9 N/A 19±5 ** 

100 TA 9.4 0.60 0.62 3.5 Yes (strong) 55±3 

200 SC 5.5 0.53 0.56 1.6 No 30±5 

200 TA 5.6 0.57 0.61 1.9 No 40±3 

* P3HT gradient and P3HT crystallinity were determined directly from the electron tomography data, unless 
indicated otherwise. Two observed P3HT gradients (“Yes”) refer to a situation where density of P3HT 
nanowires is larger at the bottom of the film, i.e. close to the hole collecting electrode (“favourable gradient”), 
see Figure 4.5.  

** This quantification was done by using electron tomography data of the corresponding thermally annealed 
films and correcting them for the ratio between the P3HT electron diffraction peak intensities from Figure 4.2c 
and 4.2f. 

 

 

4.9 Conclusions 

In this study, we looked at the relationship between device performance and 3D morphology of 
photoactive layers of different thickness in P3HT/PCBM bulk-heterojunction solar cells, before and 
after thermal annealing. The morphology of polymer(-based) films is in general strongly dependent 
on the film preparation process. Here, we minimized the differences in P3HT/PCBM film 
preparation by varying the total concentration in solution (hence solution viscosity and final film 
thickness) and keeping all the other parameters (like the solvent used, spin speed, annealing time 
and temperature) the same. 

The changes after thermal annealing in the films of the same thickness were observed to be 
largely the same as previously reported: improved power conversion efficiency after annealing was 
a result of improved crystallinity of P3HT forming 3D networks with favourable concentration 
gradients of crystalline P3HT and PCBM through the thickness of the photoactive layer (see 
Scheme 3.2). This effect was, however, marginal in case of thicker (200 nm) P3HT/PCBM films: 
both P3HT crystallinity and device performance improved only slightly after thermal annealing, 
while no concentration gradients were observed.  

If we compare thermally annealed P3HT/PCBM films of different thickness with each other, the 
basic conclusion is that an optimum morphological organization of a photoactive layer in all three 
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dimensions is more crucial for high efficiency of solar cell devices than absorption alone. The best 
device performance was obtained using moderately thick (100 nm) P3HT/PCBM photoactive layers 
characterized by high overall crystallinity of P3HT, namely more numerous and more perfect 
crystalline P3HT nanowires forming a 3D network, and by enrichment of P3HT close to the hole 
collecting electrode (and, correspondingly, enrichment of PCBM close to the electron collecting 
electrode). Thicker films (200 nm thick) absorb more light but show a less favourable morphological 
organization in the photoactive layers (lower crystallinity of P3HT, especially next to the hole 
collecting electrode) and as a result produce poorly functioning solar cell devices.  

Different types of vertical organization in the P3HT/PCBM films of different thickness deposited 
on the same PEDOT:PSS substrate dismiss the key role of the underlying substrate’s surface 
energy for formation of vertical gradients, as suggested by previous studies. The findings of this 
study indicate that the existence and type of composition gradients through the thickness of the 
active layer are largely determined by the kinetic aspects of film formation due to different solution 
viscosity, different time it takes for the solvent to evaporate and eventual differences in local solvent 
concentration. These aspects have a direct impact on how long the (macro)molecules are mobile in 
the given solution/dispersion, on eventual precipitation of components depending on local 
variations in solvent concentration, and thus on formation of nuclei and subsequent growth and 
distribution of (nano)crystals throughout the active layer.  

To sum up, a straightforward increase of a photoactive layer thickness by adjusting the total 
concentration in solution does not guarantee that optimum morphological organization gets 
reproduced in thicker layers and does not automatically lead to higher efficiency of thicker solar cell 
devices, even though they effectively absorb more light. Different aspects of the kinetics of film 
formation and crystallization influence the final 3D morphological organization in films of different 
thickness and, correspondingly, performance of the solar cell devices.  
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Chapter 5 

Impact of Blend Composition and 3D Morphology on P3HT/PCBM 
Device Performance  

The ratio between the donor and acceptor materials is one of the parameters determining the 

morphological organization of the photoactive layer and hence efficiency of solar cell devices. In 

this study, electron tomography was used to characterize P3HT/PCBM layers with different blend 

compositions, both before and after thermal annealing. The power conversion efficiency of the 

corresponding devices was strongly dependent on the overall crystallinity of P3HT and the way 

P3HT crystals are distributed through the thickness of the active layer. 
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5.1 Introduction  

The efficiency of a bulk-heterojunction polymer solar cell (PSC) is largely dependent on the local 
nanoscale organization of the photoactive layer in all three dimensions.1-4 It has been shown that 
the ratio between donor and acceptor, type of solvent used, processing conditions of 
donor/acceptor mixtures from solution and post-production treatment such as thermal annealing 
have a large influence on the performance of PSC, because they strongly affect the morphology, 
eventual crystalline order and phase separation of the photoactive layer.1,3,5-10 

One of the most promising PSCs in terms of efficiency and stability is based on combination of 
regioregular poly(3-hexylthiophene) (P3HT) and the fullerene derivative PCBM, with the highest 
reported power conversion efficiencies exceeding 5% (after an annealing treatment either at 
elevated temperature or during slow solvent evaporation).11-14 In this study, 3D morphological 
organization of P3HT/PCBM photoactive layers was examined by electron tomography for different 
P3HT/PCBM ratios, both before and after thermal annealing. The findings in 3D morphology 
organization were subsequently correlated with the performance of corresponding PSCs.  

In addition, photoluminescence spectroscopy was applied to characterize the changes in 
photoinduced electron transfer between P3HT and PCBM upon thermal annealing, i.e. exciton 
dissociation, which is directly determined by the scale of phase separation in the photoactive layer 
(see Scheme 1.1 on page 6).  

 

5.2 Experimental  

Materials: Poly(3-hexylthiophene (P3HT) used in this particular study was regioregular P3HT from Rieke 
Metals Inc. with Mw = 50000 g/mol and RR = 95%. For comparison, in other studies in this project described in 
Chapters 3, 4 and 6, P3HT from Plextronics Inc. was used, with Mw = 27200 g/mol, PDI = 1.4 and RR = 98%. 
Both P3HT and PCBM (purity > 99%, from Solenne B.V.) were used as received.  

Sample preparation and device fabrication: Composite films of P3HT and PCBM with different P3HT:PCBM 
blending ratios (1:4, 2:3, 3:2 and 4:1 by weight) were spin-coated from chlorobenzene solution at 1000 rpm 
onto cleaned indium tin oxide (ITO) patterned glass substrates covered with a 40 nm thick layer of a poly(3,4-
ethylenedioxythiophene)/ poly(styrenesulfonate) (PEDOT:PSS). The samples were then transferred into a 
PVD (physical vapour deposition) chamber to evaporate more than 100 nm Al at a pressure of 5x10-7 mbar. 

The active device area was 50 mm2. Thermal annealing was performed on completed devices at 150 C for 
30 minutes on top of a hot plate inside a glovebox. Current-voltage characteristics were measured with a 
computer controlled Keithley 2400 source measure unit. Illumination was carried out with a KHS Steuernagel 
AM1.5 (1000 W/m2) solar simulator. 

Film thickness: The thickness of the P3HT/PCBM photoactive layers was determined by a Dektak surface 
profiler to be 70 nm for films with 20% PCBM, 90 nm for films with 40% PCBM and 115 nm for 60% PCBM. 
Films containing 80% PCBM were very inhomogeneous in thickness, with micrometers-large PCBM clusters 
observed after spin-coating.  

Transmission electron microscopy (TEM): For TEM investigations, the P3HT/PCBM layers were floated from 
the water soluble PEDOT:PSS onto the surface of demineralised water and picked up with 200-mesh copper 
TEM grids. Bright field TEM morphology observation, acquisition of tilt series for electron tomography and 
acquisition of electron diffraction patterns were performed on a Tecnai G2 20 TEM (FEI Co.) operated at 200 
kV. All tilt series were obtained in an automatic fashion by using Xplore3D software, the alignment and 
reconstruction of the data series was performed by using Inspec3D (both FEI Co.), and visualization of the 3D 
reconstructed volume was done with Amira 4.1 (Mercury Computer Systems, Inc.). The tilt series were 
acquired in the bright-field mode after pre-exposure of a specimen to the electron beam for a few minutes (to 
minimize sample shrinkage during tilt series acquisition ), in the tilting range from around -70º to +70º, by 
using a Saxton scheme with an increment of 1.5º at 0º-tilt. The alignment of tilt series was based on tracking 
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of general features (by cross-correlation) followed by tilt axis alignment. The reconstruction method used was 
SIRT (simultaneous iterative reconstruction technique); 20 iterations were applied.  

Photoluminescence spectra of P3HT/PCBM blends were obtained by illumination of the samples with a 2.5 
mW semiconductor GaN-Laser operating with a wavelength of 408 nm. The photoluminescence signal of the 
samples was analyzed using a (single-grating) monochromator with an attached CCD-array cooled with liquid 
nitrogen. 

Absorption data were acquired using a Perkin Elmer UV-Vis spectrometer Lambda 40.  

 

5.3 P3HT Crystallinity  

Characteristic bright field (BF) TEM images of P3HT/PCBM photoactive layers with different 
compositions, viz. 20, 40 and 60 weight% PCBM, both directly after spin-coating and after thermal 
annealing are presented in Figure 5.1. Films with 80% PCBM were very inhomogeneous in 
thickness, with up to 3 micrometers large PCBM clusters, and not suitable for proper TEM analysis. 
Since P3HT has lower density (1.1 g/cm3) than PCBM (1.5 g/cm3), P3HT-rich areas appear bright 
and PCBM-rich areas appear dark in the BF-TEM images. 
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Figure 5.1 Bright field TEM images and, presented as insets, electron diffraction (ED) patterns of investigated 
P3HT/PCBM films, together with the plots of the electron diffraction intensities. ED patterns were acquired at 
the same spot as TEM images: a broad inner ring originates from PCBM nanocrystals (with d-spacing of 0.46 
nm) and a thin outer ring comes from (020) reflections of P3HT crystals (d-spacing of 0.39 nm). For each pair 
of films with the same composition, ED intensities were integrated all over the ED rings (besides the parts 
masked with a beam stopper), normalized to the height of a PCBM peak and plotted as a function of the 
distance from the centre of electron diffraction patterns, which scales with 2θ. 
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The first conclusion on basis of the BF images is the absence of any large-scale phase 
separation (like PCBM clusters) in these films. Fibrillar nanocrystals of P3HT are only clearly visible 
in annealed films with 60% PCBM. In these films, the length of the P3HT crystals sometimes 
exceeds 300 nm. Less clearly, a dense network of P3HT nanowires can also be discerned in 
annealed films with 40% PCBM. Poor contrast in all spin-coated films in this study is most likely 
due to low overall crystallinity of P3HT, viz. short length and low quality (a lot of stacking defects) of 
the crystalline P3HT nanowires. 

Analysis of electron diffraction (ED) patterns confirms, in line with previous observations (see 
Chapters 2, 3 and 4), an increase in P3HT crystallinity upon thermal annealing in all investigated 
P3HT/PCBM films. This increase is especially pronounced in case of films with 40% and 60% of 
PCBM.  

 

5.4 Efficiency of Charge Transfer in P3HT/PCBM after Annealing 

Photoluminescence (PL) spectroscopy showed that the PL intensity of all P3HT/PCBM blends 
increases after thermal annealing (see Figure 5.2), i.e. photoluminescence quenching decreases. 
PL intensity originating from both P3HT (bandgap of ~1.9 eV) and PCBM (bandgap of ~1.7 eV) 
increases in films after annealing. It is known that photoluminescence of P3HT is sensitive to the 
degree of chain order: more disordered P3HT chains would lead to higher PL intensity. However, 
P3HT becomes more crystalline (i.e. more ordered chains) in P3HT/PCBM films after thermal 
annealing, as electron diffraction results show. In this case, the only explanation of the increase in 
PL intensity is that phase segregation of both P3HT and PCBM increases upon annealing, leading 
to less efficient photoinduced electron transfer between P3HT and PCBM.  
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Figure 5.2  Change in photoluminescence (PL) intensity of P3HT/PCBM blend films having different 
composition upon thermal annealing: open squares correspond to films obtained after spin-coating (SC), 
black squares to the same films after subsequent thermal annealing (TA) at 150 °C for 30 minutes. The blend 
composition is indicated next to each graph.  
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On basis of these data, it is impossible to quantify the increase of phase separation in 
annealed P3HT/PCBM films. This increase is, however, unlikely to lead to a strong deterioration of 
the P3HT/PCBM device performance. Most photons are absorbed and hence most excitons are 
created in P3HT, and not in PCBM. Thus, the dimensions of the P3HT domains determine to a 
large extent whether the exciton can reach before decaying the P3HT/PCBM interface, where it 
dissociates into free charges. The size of the P3HT domains is basically characterized by the size 
of P3HT crystals (see Figure 1.3 on page 8), which are a few nanometres thick, ca. 20 nm wide 
and (after annealing) hundreds of nanometres long. In two dimensions, the size of P3HT crystals is 
thus in the range of the exciton diffusion length. The length of P3HT nanowires which increases 
significantly with annealing is thus the most probable reason for less efficient charge separation in 
the P3HT/PCBM films after annealing. The enhanced length of crystalline P3HT nanowires is 
beneficial for hole transport, though.  

 

5.5 3D Morphology and Vertical P3HT Gradients 

To get more insight into the morphological organization of P3HT/PCBM photoactive layers in all 
three dimensions, the technique of electron tomography was applied. In such way 3D images of the 
P3HT/PCBM films were obtained that can be used voxel by voxel for further detailed studies.  

In case of all spin-coated layers and annealed layers with 20% PCBM, electron tomography did 
not reveal much new: the contrast remained quite poor (data not shown). However, in annealed 
films with 40% and 60% PCBM, electron tomography did reveal detailed information on 3D 
morphological organization. Some slices taken out of 3D datasets of these P3HT/PCBM layers at 
different positions through the thickness of the film are shown in Figure 5.3.  
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Figure 5.3  Results of electron tomography applied to annealed P3HT/PCBM photoactive layers with 40% 
and 60% PCBM: a) two slices taken out of the final 3D datasets, one close to the bottom of the layer (i.e. 
PEDOT:PSS/ITO-electrode), another close to the top (i.e. Al electrode); b) distribution of crystalline P3HT in 
volume-% through the thickness of the P3HT/PCBM layers, where thickness of 0 nm corresponds to the very 
bottom of the layer. These plots were obtained by setting a threshold in several slices taken at different depth 
of the films from the 3D datasets and determining the area occupied by P3HT nanowires. Since the 
P3HT/PCBM films get ca. 25-30% thinner when exposed to the electron beam, the composition profiles have 
been normalized to the initial film thickness as determined by a surface profiler, viz. 90 nm for a film with 40% 
PCBM and 115 nm for a film with 60% PCBM. 
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For annealed films with 40% PCBM, a dense 3D network of P3HT nanowires in the whole 
volume of the film is now clearly visible due to improved contrast in the 3D datasets as compared 
with BF images. The distribution density of P3HT nanowires remains at the same level through the 
thickness of the film. Related to the total blend, crystalline P3HT makes up appr. 30 vol.-%, which 
corresponds for the given film composition to an overall degree of P3HT crystallinity (crystalline 
part of P3HT) of 45±3%.  

In annealed films with 60% PCBM, the situation is different in a way that crystalline P3HT 
nanowires are distributed unequally through the thickness of the film: there are very few of them at 
the bottom of the photoactive layer, i.e. in the part adjacent to the PEDOT:PSS/ITO electrode, and 
plenty of them close to the top, i.e. Al electrode (see Figure 5.3). As outlined in the introduction, 
such concentration gradient is not expected to be favourable for performance of solar cell devices: 
ideally, (crystalline) P3HT should be concentrated in the lower part of the active layer, next to the 
positive ITO electrode. The overall amount of crystalline P3HT amounts in this film to app. 13 vol.-
%, corresponding to a degree of P3HT crystallinity of 27±3%.  

It should be mentioned that the concentration gradient observed in this study in the annealed 
P3HT/PCBM layers with 60% PCBM is reverse to the gradients observed previously in a 
P3HT/PCBM system, where most P3HT nanowires were concentrated in a lower part of the films, 
next to PEDOT:PSS/ITO (see Chapters 3 and 4). Whether a concentration gradient is formed and, 
if so, what type of gradient (favourable like in previous studies or unfavourable like in this study), 
will depend on the kinetics of P3HT/PCBM film formation, which is determined in each case by a 
number of factors, such as the ratio between P3HT and PCBM, molecular weight distribution and 
regioregularity of P3HT, amount and type of impurities, total concentration in solution, type of the 
solvent, solution viscosity, exact processing conditions (like spin speed), etc. See Section 4.7 for a 
more detailed discussion on the subject.  

 

5.6 Device Performance  

The fact that annealed P3HT/PCBM films with 40% PCBM are characterized by a dense 3D 
network made up of crystalline P3HT nanowires, by a high overall degree of P3HT crystallinity and 
by relatively high amount of crystalline P3HT nanowires close to the positive bottom electrode, 
makes these films excellent candidates for high efficiency PSC devices. Indeed, if we turn to device 
performance, the highest short circuit current Jsc, the highest fill factor FF and the highest overall 
efficiency η were observed in this study in PSCs on basis of annealed P3HT/PCBM photoactive 
layers having 40% PCBM (Figure 5.4). Annealed films with 60% PCBM characterized by lower 
P3HT crystallinity and unfavourable P3HT gradient through the thickness of the film gave 
considerably less efficient devices, though they absorb approximately as much light as the films 
with 40% PCBM (see Figure 5.5). 

PSCs with medium loadings of PCBM (40% and 60%) showed considerable improvement in 
performance upon thermal annealing, largely due to the increase in photocurrent and fill factor. The 
improved photocurrent density Jsc obtained after annealing implies that more charges are being 
extracted from the solar cells, either due to improved light absorption and/or better dissociation of 
excitons at the interface between the P3HT and PCBM phases and/or better transport of free 
charges to the corresponding electrodes.15 It is well known that light absorption of P3HT/PCBM 
layers indeed increases after annealing, resulting in a better overlap with the solar spectrum.1,16 
The hole transport is expected to increase too, owing to improved crystallinity of P3HT after 
annealing (as electron diffraction studies confirm), whereas nanocrystalline PCBM ensures efficient 
electron transport. The elongated shape of the crystalline P3HT nanowires is ideal to ensure 
efficient percolation paths to the bottom electrode, with the more favourable distribution of P3HT 
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nanowires observed (by electron tomography) in P3HT/PCBM films with 40% PCBM. These 
improvements in absorption and transport of free charges compensate for the fact that 
photoinduced electron transfer between P3HT and PCBM deteriorates somewhat upon thermal 
annealing, as shown by photoluminescence spectroscopy.  
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Figure 5.4  Performance of P3HT/PCBM solar cell devices depending on the photoactive layer composition: 
a) short circuit current density Jsc, b) open circuit voltage Voc, c) fill factor and d) overall power conversion 
efficiency. Open squares correspond to films obtained after spin-coating (SC), black squares to the same 
films after subsequent thermal annealing (TA) at 150°C for 30 minutes. 

 

A higher fill factor FF after annealing implies an improved balance of electron and hole 
transport, low traps and negligible space-charge effects.17,18 Electron mobility in PCBM is higher 
than the mobility of holes in P3HT (at least by one order of magnitude),15,18 so higher FF values 
suggest improved hole mobility of the P3HT/PCBM layer caused by the increased crystallinity and 
length of P3HT nanowires after annealing.  

In case of PSCs with 40% PCBM, the open circuit voltage Voc also improved after annealing. 
(In PSCs with 60% PCBM it remained unchanged.) What causes changes in Voc upon annealing is 
difficult to say (see also discussion in Section 1.4). It may be that contacts to the electrodes 
become better upon annealing, with as a result smaller losses at the electrodes, but this remains 
speculative. In principle, Voc can be considered as a property largely independent of the 
photoactive layer morphology. 

At “extreme” loadings of PCBM of 20% and 80%, the performance of P3HT/PCBM solar cells 
was very poor (mainly due to low values of Jsc and fill factor) and it hardly improved upon 
annealing. These layers have sufficiently strong light absorption but unfavourable 3D morphological 
organization. In films with 80% PCBM, large-scale phase separation (with micrometers large PCBM 
clusters) leads to poor exciton dissociation and unbalanced charge transport with, as a result, very 
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low Jsc and FF values. In films with 20% PCBM, no large-scale phase separation was observed. 
Here, the reason for low Jsc and FF may result from insufficient PCBM percolation throughout the 
thickness of the film, which leads to poor transport and extraction of free charges.  
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Figure 5.5  UV-Vis spectra of P3HT/PCBM films with different PCBM content obtained directly by spin-coating 
(SC) and by thermal annealing (TA).  

 

 

5.7 Information Accessible with Electron Tomography in P3HT/PCBM  

So far electron tomography has proved to be very useful to study the vertical distribution of 
crystalline P3HT nanowires in the P3HT/PCBM films. To sum here up what was described in 
previous Chapters (in Sections 2.3, 3.2.3 and 4.6): electron tomography is applied to P3HT/PCBM 
in a bright-field (BF) TEM mode, with the resulting contrast due to the density difference between 
less dense P3HT and denser PCBM. Crystalline P3HT nanowires are actually very unstable, as 
crystals, under exposure to the electron beam (as shown by electron diffraction studies) but they 
remain morphologically stable for a much longer time; certainly long enough to acquire a tilt series. 
Crystallinity of the nanowires and their morphological stability were confirmed by the (conical) dark-
field TEM imaging combined with BF TEM. In dark-field TEM, the image formation is governed by 
the diffraction contrast as opposed to the mass-thickness and phase contrast in the BF TEM. Thus, 
amorphous structures remaining in the place of the original P3HT crystals are visualized by 
electron tomography in the BF-mode (see Figure 3.9 on page 42). Having amorphous materials 
(and no crystalline materials) is also a required condition for applying tomography in a BF-mode, so 
that projection requirement is met (see Section 2.3).  

To characterize the vertical distribution of P3HT nanowires, the 3D datasets obtained from the 
P3HT/PCBM films by electron tomography are divided into 2D slices through the film thickness (as 
first described in Section 3.2.3). In each slice, a threshold is set such that the P3HT nanowires are 
selected, and the fraction of area they occupy in each slice is then detected (see Figure 3.11 on 
page 44). The area fraction in a 2D slice is equal to a corresponding volume fraction of the P3HT 
phase at this particular z-location in the film. The accuracy of thresholding of 2D slices to determine 
the P3HT-area is reasonably high, typically within ±2 % (see e.g. error bars in Figures 3.11 and 
5.3b).  
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To correlate the 3D morphology of P3HT/PCBM films with the corresponding device 
performance in this particular study and other studies (e.g. those described in Chapter 4 and below 
in Chapter 6), it would also be interesting to quantify such parameters as:  

 the amount of P3HT and PCBM material located within the exciton diffusion length (ca. 10 
nanometres) from the P3HT/PCBM interface,  

 the interfacial area between P3HT nanowires and PCBM-rich regions,  

 the inclinations of crystalline P3HT nanowires in the volume of the film,  

 the junctions between P3HT nanowires, 

 the number and length of percolation pathways made of (crystalline) P3HT reaching the 
bottom (hole collecting) electrode, 

 the number and length of percolation pathways through PCBM reaching the top (electron 
collecting) electrode. 

Most of these parameters can only be accessed by analysis of 3D datasets, starting with 
setting a threshold to select P3HT nanowires. Unfortunately, the rather poor contrast in the 3D 
datasets of P3HT/PCBM makes it difficult at the moment to segment the 3D datasets in any 
meaningful way and thus none of this information can presently be extracted from the electron 
tomography data. 

It should be mentioned that some of the above-mentioned parameters, viz. the first two, could 
also be determined by taking (random) planar sections through the 3D volume and analysing 
them.19 For instance, the interface area between P3HT nanowires and PCBM could be estimated 
from the perimeter of P3HT nanowires in a 2D section randomly oriented in a volume of the film. 
Poor contrast in the datasets, however, complicates this analysis too. When binarizing 2D slices, 
we have observed that the minor changes in threshold settings, which give no significant changes 
in the area occupied by P3HT, may produce very large differences for the value of perimeter of the 
P3HT phase in a 2D slice.  

To make segmentation, and hence the elaborate quantification, of P3HT/PCBM datasets 
possible, one may try either to apply imaging filters to enhance the contrast or to use an alternative 
reconstruction method, viz. discrete tomography, which segments datasets in-situ (see Section 
2.8). The imaging filters that may potentially be interesting include e.g. median or smoothing filters 
for reducing noise, Laplacian (or differencing) operator for edge enhancing, Sobel or Kirsch 
transform for edge finding/detection, etc.20 Care should be taken, however, that filtering does not 
introduce any significant artefacts that would lead to inaccurate quantification. 

Instead of reconstruction by SIRT (simultaneous iterative reconstruction technique, see Section 
2.7) that was used throughout this project, discrete tomography (e.g. DART-algorithm21) can be 
applied for 3D-reconstruction in case when a few different components only are present in the 
sample. This is valid for the P3HT/PCBM system, where there are basically three components: 
crystalline P3HT nanowires, amorphous P3HT, and (nanocrystalline) PCBM. In fact, it may be 
impossible to distinguish between amorphous P3HT and PCBM (as we have seen in 2D slices), 
which will reduce the number of (segmented) components to two: P3HT nanowires and the rest. 
Discrete tomography exploits the property that each of the components in the sample should have 
only one grey level and uses this as an input for reconstruction. By applying the discrete 
tomography, the quality of the reconstruction can be improved significantly and the resulting 3D 
datasets do not need to be segmented, as each component is already characterized by one grey 
level.21 

When the poor contrast no longer forms a limitation in P3HT/PCBM datasets, two other 
aspects should also be taken into account before analyzing the 3D datasets, viz. shrinkage of the 
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samples (see Section 2.4) and artefacts due to the limited tilting range (or so-called missing wedge, 
see Section 2.9).  

Since organic samples tend to shrink as a result of mass loss under exposure to the electron 
beam (especially during the first minutes of exposure) and this shrinkage complicates the alignment 
of tilt series, the P3HT/PCBM films were irradiated for several minutes before starting the tilt series 
acquisition, for (almost) all shrinkage to occur. (All P3HT and probably also PCBM crystals get 
destroyed as crystals during this procedure too.) The tilt series thus acquired can be properly 
aligned by using cross-correlation followed by tilt axis alignment (see Section 2.6), which confirms 
that (almost) no shrinkage occurred during the tilt series acquisition. The P3HT/PCBM film 
thickness was always measured prior to TEM-sample preparation by a surface profiler. In line with 
data reported in literature,22,23 the film thicknesses as observed in the final 3D reconstructions are 
typically 25-30% smaller than initially, while shrinkage in the plane of the film remains limited to a 
few percent. By knowing these numbers, it is straightforward to compensate for the shrinkage by 
expanding the obtained 3D datasets correspondingly in three dimensions.  

The artefacts due to the missing wedge, i.e. a limited tilting range, may be more difficult to deal 
with. As described in Section 2.9, the missing wedge causes two problems: the first one is that 
certain features may have lower contrast with the matrix or even become completely invisible 
depending on their orientation relative to the tilt axis (see Figure 2.7 on page 26), and the second 
problem is elongation of the features as visualized by electron tomography in z-direction, i.e. 
parallel to the electron beam (see Figure 2.8 and Table 2.1 on page 27). For the tilting range of 
around ±70º used in this project, the elongations in z-direction may be around 10% according to 
some experimental studies24 or as much as 30% based on theoretical predictions.25  

Both problems caused by the missing wedge can be reduced by acquiring two tilt series on the 
same spot by using two perpendicular tilt axes, a so-called double-axis (or dual-axis) tomography. 
In this way, more accurate reconstructions can be obtained, though some residual artefacts due to 
the missing angles may remain.26 

Once the dual-axis tomography is applied to the P3HT/PCBM films, and the poor contrast is 
tackled (either by using imaging filters or by applying a discrete tomography reconstruction 
algorithm), and corrections for the film shrinkage are made, more of accurate quantitative 
information can hopefully be obtained from the 3D datasets of P3HT/PCBM than is possible at 
present.  

 

5.8 Conclusions  

In this study, as-spin-coated and annealed P3HT/PCBM layers with different blend compositions 
were characterized by a number of techniques, including the techniques of electron tomography 
and photoluminescence spectroscopy. The 3D morphological information, viz. distribution of 
crystalline P3HT nanowires though the P3HT/PCBM film thickness, was correlated with the 
performance of corresponding polymer solar cells. Further quantification of P3HT/PCBM datasets 
remains limited by relatively poor contrast between (crystalline) P3HT and PCBM. 

For medium PCBM loadings (40% and 60%), it was observed, in line with many previous 
observations, that thermal annealing led to higher values of short circuit current, fill factor and 
overall power conversion efficiency. However, phase segregation between P3HT and PCBM 
increased somewhat upon annealing, resulting in less efficient electron transfer between P3HT and 
PCBM, as photoluminescence spectroscopy showed. Obviously, higher hole mobility (due to 
increased P3HT crystallinity, as confirmed by electron diffraction analysis), together with efficient 
transport of free charges to the electrodes as ensured by existence of percolation pathways within 
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the whole volume of the active layer (shown by electron tomography), had a major impact on the 
final device performance and more than compensated for the less efficient charge transfer.  

Extreme loadings of PCBM, viz. 20% and 80%, lead to poor P3HT/PCBM devices. In films with 
80% PCBM, the phase separation is unfavourably large, whereas in films with 20% PCBM it is 
most probably unfavourably small, i.e. insufficient for percolation of PCBM. 

Among all P3HT/PCBM blending ratios investigated, the most efficient photovoltaic devices 
were obtained for PCBM loadings of 40% and after thermal annealing: these layers are 
characterized by a dense network of crystalline P3HT nanowires throughout the whole volume of 
the film and by high overall degree of P3HT crystallinity of 45%. In thermally annealed P3HT/PCBM 
films with 60% PCBM, the overall crystallinity of P3HT was lower (27%) and, more importantly, 
P3HT nanowires were found to be concentrated in the upper part of the film, next to the negative 
(metal) electrode, which had a detrimental effect on the device performance. Thus, the 3D images 
as provided by electron tomography enabled us to identify this – in terms of efficient charge 
extraction – morphological misalignment as the decisive factor for understanding the diminished 
device performance. 
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Chapter 6 

Formation of Crystalline P3HT Nanowires in Solution  

A better control over the morphological organization of P3HT/PCBM photoactive layers (and hence 

performance of corresponding solar cell devices) can hopefully be achieved by forming 

nanostructures beneficial for device performance, such as crystalline P3HT nanowires, in a 

controlled way in solution (dispersion) and then depositing them on a substrate, rather then letting 

them form in a poorly controlled fashion during film formation by e.g. spin-coating or printing-like 

techniques. In this way, it may become possible to get high crystallinity of P3HT in the resulting 

P3HT/PCBM films without any annealing treatments and, even more importantly, ensure that most 

P3HT nanowires are concentrated in the lower part of the films, i.e. next to the hole collecting 

electrode, which has been found to be most crucial for the efficiency of the P3HT/PCBM devices.  

The first results of applying two different approaches to force P3HT crystallization in solution 

are described in this chapter. One approach is based on using mixed solvents, viz. adding an 

excess of a poor solvent (n-hexane) to a solution of P3HT in a good solvent (o-dichlorobenzene). 

Another approach is based on using one solvent (toluene) and adjusting the concentration and 

temperature such that controlled crystallization of P3HT takes place, e.g. by preparing a saturated 

solution at elevated temperature and then cooling it down to room temperature. A combination of 

UV-Vis spectroscopy and microscopy techniques (AFM and TEM) has been used to follow the 

crystallization of P3HT in solutions (dispersions). 
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6.1 Introduction 

Currently, one of the most efficient polymer-based solar cells (PSCs) is the system based on 
regioregular poly(3-hexylthiophene) (P3HT) as the electron donor and a fullerene derivative 
(PCBM) as the electron acceptor material. The best reported power conversion efficiencies of this 
system exceed 5%.1-4 An essential step to achieve this high efficiency is to subject P3HT/PCBM 
solar cells to an annealing treatment, either at elevated temperature or during slow solvent 
evaporation. The performance of P3HT/PCBM devices is in general limited by relatively poor hole 
mobilities and the annealing step is necessary in order to increase the degree of crystallinity of 
P3HT and hence hole mobility.5,6  

High crystallinity of P3HT, viz. a large amount of crystalline P3HT nanowires (see Figure 1.3 on 
page 8 for schematic visualization of a P3HT nanowire),7,8 is thus indispensable to obtain high 
efficiency P3HT/PCBM solar cells. Also, as was observed in this project, it may be beneficial to 
have crystalline P3HT nanowires in the lower part of the photoactive layer, viz. next to the bottom 
hole collecting electrode (such as indium doped tin oxide, or ITO, used in this project).9,10 
Enrichment of crystalline P3HT in the lower part of the P3HT/PCBM active layer should ensure 
existence of short and effective percolation pathways within P3HT (which, of the two components, 
is the one that limits charge transport) and thus minimize possibilities of charge recombination.  

It turned out, however, that it is not trivial to control vertical segregation of crystalline P3HT in 
the P3HT/PCBM active layers formed by deposition from solution. Different types of vertical 
segregation have been observed in this project: more of crystalline P3HT nanowires in the lower 
part of the active layer, more of them in the upper part of it, and finally homogeneous distribution of 
P3HT through the film thickness. What makes it difficult to control the morphological organization in 
the P3HT/PCBM active layer, including composition gradients, is that it is determined by a large 
number of different aspects during film formation, both thermodynamic (such as molecular weight 
distribution and regioregularity of P3HT, impurities in both P3HT and PCBM, the solvent used for 
processing, and the type of the substrate) and kinetic aspects (such as solution viscosity, the rate 
of solvent evaporation, eventual variations of local solvent concentration, etc.). The interplay 
between all these different parameters determines the formation of nuclei of P3HT and PCBM 
crystals and subsequent growth (triggered by annealing treatments) and distribution of the 
(nano)crystals throughout the active layer.  

To gain a better control over morphology formation of the P3HT/PCBM photoactive layers, it is 
desirable to have (almost) all P3HT in the form of crystalline nanowires already in solution 
(dispersion). In this way it is easier to ensure that the nanowires will be deposited on the substrate 
next to the bottom electrode. The nanowires may either spontaneously sediment under impact of 
gravity during film formation or they can be separated, e.g. by centrifugation or filtering, from the 
remaining dissolved P3HT and be deposited first, followed by deposition of the solution containing 
PCBM (possibly with some amorphous or nanocrystalline P3HT). Thus morphology formation can 
be de-coupled from a poorly controlled film formation process, and the desired morphology can 
hopefully be formed rather straightforwardly in P3HT/PCBM photoactive layers, also in thicker 
layers where morphology control is especially difficult. An additional advantage of forming P3HT 
crystals already in solution is that it makes an annealing step not necessary, which may simplify the 
manufacturing process and facilitate formation of the right morphology on flexible substrates with a 
low glass transition temperature, such as poly(ethylene terephtalate) (PET), which are in principle 
incompatible with thermal annealing.  

There are different approaches to force formation of P3HT crystals in solution (dispersion). One 
approach (a so-called solvatochromic approach) is based on using mixed solvents, viz. adding an 
excess of a poor solvent (such as hexane or methanol) to a solution of P3HT in a better solvent 
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(such as chloroform or o-dichlorobenzene).11-14 Another way is based on using one solvent and 
adjusting concentration and temperature such that controlled crystallization of P3HT takes place, 
e.g. by preparing a saturated solution at elevated temperature and then cooling it down to room 
temperature or lower (a thermochromic approach).11,15  

Thermochromism and solvatochromism of solutions of poly(3-alkylthiophenes) were observed 
as early as 1987.11 The first studies already indicated the presence of two co-existing phases: 
polymer in solution and polymer in (nano)crystalline aggregates. Surprisingly, just a few studies of 
crystallization of P3HT in solution have been carried out until recently, possibly due to experimental 
bottlenecks.12,13,15,16 A widely used technique to investigate the thermodynamic and kinetic 
processes of polymer crystallization is differential scanning calorimetry (DSC).17,18 However, DSC 
is not always suitable to study crystallization in dilute solutions. This calls for the use of another 
technique or a combination of techniques to study the detailed crystallization process of P3HT in 
solution. 

Since it was reported that certain features in the UV-Vis absorption spectrum, such as the peak 
at wavelengths slightly above 600 nm, correlate with crystalline organization in P3HT,19,20 UV-Vis 
spectroscopy has been widely applied to study the organization of P3HT in solution and in thin 
films. A straightforward way to follow the crystallization of P3HT in solution is to combine UV-Vis 
spectroscopy with microscopy techniques such as atomic force microscopy (AFM) or transmission 
electron microscopy (TEM).14,15,21-23 Care should be taken, however, during sample preparation for 
microscopy measurements: the solvent should be evaporated as fast as possible to prevent 
formation of artefacts, such as additional P3HT crystallization during solvent evaporation. The state 
of P3HT can usually be successfully quenched by putting a droplet of the solution on a substrate 
and immediately applying high pressure nitrogen flow. In this way, representative samples for 
microscopy investigations can be prepared. A more correct way of preparing such samples would 
be to solidify them by an ultra-fast plunging into liquid nitrogen (e.g. by using a Vitrobot) and to 
investigate them by a cryo-TEM.  

In this chapter, some of our preliminary results of using two above-mentioned approaches to 
obtain crystalline P3HT nanowires in solution (dispersion) are reported: 1) a solvatochromic 
approach in a mixed hexane/o-dichlorobenzene dilute solution and 2) a thermochromic approach in 
toluene. A combination of UV-Vis spectroscopy and microscopy (AFM and TEM) techniques has 
been used to characterize the evolvement of P3HT nanostructures.  

 

6.2 Features in UV-Vis Absorption Spectra of P3HT  

Here, the features in typical UV-Vis absorption spectra of P3HT in solution and in solid state (viz. in 
P3HT/PCBM films) are briefly considered, together with the correlations of these features with 
crystalline organization in P3HT as previously reported in literature.19,20 There are basically three 
prominent peaks/shoulders commonly observed in absorption spectra of regioregular P3HT: the 
main peak positioned (depending on sample preparation conditions) at any wavelength from 
around 450 nm to around 540 nm, the second one around 560 nm and the third one slightly above 
600 nm (see Figures 6.1 and 6.2).  

The exact position of the main P3HT absorption peak has been attributed to the effective 
conjugation lengths of the chain segments in P3HT: when the mean conjugation length increases, 
the peak position is shifted to higher wavelengths (see e.g. a red shift of the P3HT absorption 
spectrum observed in the P3HT/PCBM films as compared to P3HT in solution, in Figure 6.1, and a 
blue shift in the main peak upon heating the solutions of P3HT/PCBM in o-dichlorobenzene and in 
toluene, in Figure 6.2).11,24 
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Figure 6.1  UV-Vis spectra taken from the solution of P3HT, PCBM and P3HT/PCBM in o-dichlorobenzene 
(ODCB) prepared by stirring overnight at room temperature, and P3HT/PCBM films formed by spin-coating 
(SC) from this P3HT/PCBM solution, followed by thermal annealing (TA) at 130 ºC for 20 minutes. 

 

The absorption feature at around 605 nm, observed in both regioregular and regiorandom 
P3HT, has been reported to behave independently from the main peak, viz. it does not appear to 
(red-)shift.19 For example, in Figure 6.1, a small shoulder at ~605 nm can be distinguished in 
spectra of both solution and films of P3HT/PCBM, its position being unchanged whereas the main 
peak shifted 54 nm to higher wavelengths (from 463 nm to 517 nm). This different behaviour of the 
605 nm feature is an indication that it has a different physical origin.19 The peak positioned at 
around 560 nm does not shift either, based on literature and our own data. Some minor changes (in 
the range of several nanometres) in position of both peaks have been observed, depending on 
exact conditions of sample preparation, but they do not shift in the range of tens of nanometres as 
the main peak does.  
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Figure 6.2  UV-Vis spectra of P3HT/PCBM (1/1 by weight) solutions in o-dichlorobenzene (ODCB) and 
toluene, prepared by stirring for 2 hours at room temperature (R.T.) followed by heating to 50 ºC. The total 
concentration of each of the solutions was around 0.5 mg/ml.  
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For both peaks at around 560 nm and around 605 nm, X-ray diffraction (XRD) measurements 
confirmed that their intensity scales with P3HT crystallinity.20 Modelling of the charge modulation 
spectra and photoluminescence spectra, together with UV-Vis absorption measurements, showed 
that the feature at 605 nm is associated with π-π interchain interactions.19 The peak at around 560 
nm can be ascribed to a vibronic side band of the peak at 605 nm.  

To figure out the exact origin of features observed in UV-Vis absorption spectra of P3HT, 
simulations of these spectra by time-dependent density functional theory (TD-DFT) calculations 
have been recently started in our group.25 

 

6.3 The Use of Mixed Solvents to Cause P3HT Crystallization  

As reported previously, after addition of a poor solvent (such as hexane or methanol) to the P3HT 
solution (in e.g. chloroform), the random rigid main chains of P3HT collapse to form ordered 
aggregates (crystals), which is visualized by the gradual colour change of the mixed solution 
(dispersion) from orange to dark brown.11,13,14,19,22 For some data on solubility of P3HT in different 
common solvents, see References 13 and 26. 

In this study, crystalline P3HT nanowires were obtained in a mixed solution after an excess of 
n-hexane was added to the dilute (0.3 mg/ml) solution of (regioregular) P3HT in o-dichlorobenzene 
(ODCB). Solubility of P3HT in hexane at room temperature is reported to be 0.015 mg/ml,13 
whereas more than 30 mg P3HT can be dissolved in 1 ml of ODCB. The dilute solution in ODCB 
was prepared by stirring in dark overnight. The P3HT was completely dissolved under these 
conditions, as evidenced by absence of the peak at around 605 nm in the UV-Vis absorption 
spectrum. The complete dissolution of P3HT guarantees controlled start conditions for the 
experiments. Hexane was then added dropwise to the P3HT/ODCB-solution with continuous gentle 
stirring, to avoid high local concentration of hexane and formation of a precipitate. Upon addition of 
hexane, the colour of solution (dispersion) gradually changed from light orange to brown.  
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Figure 6.3  UV-Vis absorption spectra evolution of P3HT in hexane/ODCB solution (2.5/1 by volume) in 24 
hours after addition of hexane to the ODCB solution. The inset shows the intensity evolution of the peak at 
608 nm corresponding to π-π interchain stacking of P3HT.  
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To study the evolution of the optical absorption associated with the crystallization process of 
P3HT, in-situ UV-Vis absorption measurements were carried out. As can be seen in Figure 6.3, the 
intensity of the peaks at 608 nm and 560 nm that correlate with the interchain π-π stacking of 
P3HT increases significantly after addition of hexane, especially during the first 3 hours, whereas 
the main absorption peak at 455 nm gradually decreases. The presence of a clear isosbestic point 
at 488 nm indicates co-existence of two phases, viz. dissolved individual polymer chains and 
aggregated (crystalline) polymer, and a direct transition from one to the other without any 
intermediate states involved.15,16 

AFM and TEM techniques were then applied to visualize the P3HT crystals formed in the 
mixed hexane/ODCB solution and to check that these indeed are crystals (by means of electron 
diffraction). Samples for microscopy investigations were formed by drop-casting the 
solution/dispersion in question on pre-cleaned silicon wafers (for AFM) or on a TEM copper grid 
with a ~2 nm thick layer of amorphous carbon pre-cleaned by oxygen plasma treatment (for TEM) 
under high pressure nitrogen flow to quench the state of P3HT.  

Figure 6.4 presents some AFM images showing the development of P3HT aggregates in time 
after addition of hexane. Already 5 minutes after addition of n-hexane to the P3HT/ODCB solution, 
the well dissolved P3HT chains start to form some short nanocrystalline wires and tiny nuclei in the 
solution, as indicated by a white arrow in Figure 6.4a. However, because only a short crystallization 
time is given, most of the P3HT chains are still dissolved in the solution and consequently form 
nearly amorphous precipitates during the drying process when deposited on the silicon wafer (as 
indicated by a black arrow in Figure 6.4a). After 7 hours, the P3HT nanowires as long as 2 
micrometers are formed in the dispersion, with plenty of shorter nanowires still present (Figure 
6.4b), and nanowires with lengths of up to several micrometers are found in dispersion after 24 
hours (Figure 6.4c).  

It is remarkable that the changes in the length of P3HT nanowires are not proportional to the 
corresponding changes in the level of P3HT crystallinity (compare the inset in Figure 6.3 with 
Figure 6.4d): for instance, after 24 hours, the intensity of the absorption peak at 608 nm is only 
slightly higher than after 7 hours, whereas the average length of the observed P3HT nanowires 
increases 8 times. The increasing length of the nanowires might be a result of merging of shorter 
nanowires into long ones at later stages of crystallization in hexane/ODCB. It might also be that the 
shorter (less stable) nanowires, like those that can be distinguished in Figure 6.4b, re-dissolve and 
serve as a material for the continuous growth of longer (more stable) nanowires in a process 
referred to as Ostwald ripening. 

TEM measurements (see Figure 6.4e) performed on the nanowires confirmed that they are 
indeed crystalline, as evident from the electron diffraction pattern with a distinct diffraction ring 
attributed to the reflection of crystallographic (020) plane of the P3HT crystals. From the bright field 
TEM images like the one in Figure 6.4e and conical dark-field TEM images (not shown), the typical 
width of P3HT nanowires was found to be around 18-21 nm, and the length in the micrometer 
range as already observed with AFM. (Dark-field TEM is a more straightforward technique to 
correctly determine the width of nanowires than AFM since the shape of the AFM-tip should be de-
convoluted in the AFM-images to get correct data about widths in the nanometre range.)  

UV-Vis results clearly indicate that the transition from dissolved P3HT to ordered/crystalline 
P3HT does not go to its completion after 24 hours: there is still a large (main) peak at 460 nm, 
although now decreased in magnitude. At the same time, the amount of crystalline P3HT does 
seem to be close to its maximum value for the given conditions, as can be seen from the inset in 
Figure 6.3. To enhance the P3HT crystallization, the conditions should be further adjusted, e.g. by 
taking more hexane, using an even worse solvent for P3HT (such as methanol)13 or decreasing 
temperature.  
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Figure 6.4  (a-c) AFM phase contrast images showing morphology evolution of P3HT in hexane/ODCB (2.5/1 
by volume) after addition of hexane: a) after 5 minutes, b) 7 hours, c) 24 hours. (d) The average length of the 
P3HT nanowires as obtained by analyzing such AFM images (the average of three images per data point); 
the line is a guide to the eye. (e) Bright-field TEM image and electron diffraction pattern, acquired on the same 
spot, from P3HT nanowires as formed 24 hours after addition of hexane.  

 

Based on this study, we can conclude that well-defined and micrometers long crystalline P3HT 
nanowires can be formed by using a mixed solvents approach. However, from the point of view of 
preparing P3HT nanowires for application in solar cell devices, this approach has a practical 
limitation, viz. a relatively large amount of the solvent(s) needed to obtain relatively few nanowires. 
First, the initial solution should preferably be rather diluted (like the concentration of 0.3 mg/ml used 
in this study); otherwise there is a higher probability of formation of ill-defined (both amorphous and 
crystalline) precipitate of P3HT upon addition of a poor solvent like hexane. Next, a large excess of 
the latter is required to force crystallization of P3HT. In this study, the ratio of hexane:ODCB was 
2.5:1 by volume and most of the P3HT still remained in the dissolved form 24 hours after addition 
of hexane, whereas the P3HT crystallization has already almost reached its maximum level for 
these conditions.  

To minimize the amount of solvents needed, it is worthwhile to look into another possible 
approach to cause P3HT crystallization from solution, viz. by using one solvent and adjusting 
concentration and temperature such that controlled crystallization of P3HT takes place, e.g. by 
preparing a saturated solution at elevated temperature and then cooling it down to room 
temperature. In this case, the solvent should preferably be neither too poor (so that it still dissolves 
reasonable amounts of P3HT) nor too good (so that crystals of P3HT are readily formed at around 
room temperature or slightly below it). Toluene was taken for this purpose: the solubility of P3HT in 
toluene is 2.1 mg/ml at 25 ºC, which is in the intermediate range between “good” solvents such as 
chloroform and o-dichlorobenzene (ODCB) that easily dissolve P3HT (in amounts of >30 mg/ml at 
R.T.) and non-solvents such as methanol (0.00 mg/ml).13 However, first the behaviour of P3HT 
(and P3HT/PCBM) in ODCB will be considered in some detail as ODCB was widely used 
throughout this project and it is useful to know how P3HT behaves in ODCB depending on the 
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concentration and solution temperature. For some UV-Vis spectra of solutions of P3HT/PCBM in 
ODCB and toluene, see Figure 6.2 above.  

 

6.4 The State of P3HT in ODCB  

o-Dichlorobenzene (ODCB) readily dissolves both P3HT (above 30 mg/ml at room temperature) 
and PCBM (~40 mg/ml)28,29 and films of homogeneous thickness are typically obtained by spin-
coating these solutions. ODCB has a high boiling point (b.p.) of 180 ºC and thus it takes relatively 
long time for it to evaporate (a few minutes at a spin speed of 500 rotations per minute, instead of 
<1 minute for chloroform having b.p. of 61 ºC). This should be beneficial, all other conditions being 
equal, for the performance of P3HT/PCBM solar cell devices obtained by spin-coating of ODCB 
solutions, since P3HT has more time to crystallize during film formation. An annealing treatment 
either at elevated temperature or during slow solvent evaporation is, however, indispensable to 
optimize the performance of P3HT/PCBM devices prepared from ODCB-solutions. An obvious 
drawback of using ODCB, especially at large scale, is that it is a chlorinated and hence an 
environment-unfriendly solvent. 

As described in Chapters 3 and 4, solutions of P3HT and PCBM in ODCB used in this project 
were typically prepared by stirring them for several hours at room temperature (in a 1:1 ratio of 
P3HT:PCBM and the total concentration of up to 40 mg/ml). Under these conditions, 
homogeneously-looking solutions could be obtained that gave rise to homogeneous P3HT/PCBM 
films. UV-Vis spectroscopy and TEM measurements have shown, however, that some aggregates 
of P3HT in the form of crystalline nanowires are still present in ODCB-solutions prepared in this 
way. Upon heating these solutions to a temperature above 50 ºC, all P3HT dissolved completely 
(as evidenced by disappearance of the absorption peak at 608 nm and absence of any aggregates 
in TEM-samples prepared from these solutions) and remained dissolved after cooling the solution 
down to room temperature (see Figure 6.5). The resulting solutions turned out to be stable (at least 
from the point of view of P3HT aggregation) for several weeks when stored in air in the dark. After 
8 weeks some crystallization of P3HT was detected as manifested by a slight increase of the signal 
in absorption spectrum at around 608 nm. However, upon heating the solution to 50 ºC it 
disappeared immediately and did not re-appear after cooling.  
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Figure 6.5  (a) UV-Vis absorption spectra of solution of P3HT/PCBM in ODCB (ratio of 1/1 by weight, total 
concentration of 20 mg/ml): as prepared by stirring overnight at room temperature (20 ºC), after subsequent 
heating to 50 ºC, followed by cooling the solution to 20 ºC. The feature at around 700 nm originates from 
PCBM. For a complete spectrum of P3HT/PCBM in ODCB, see Figs. 6.1 and 6.2. (b) TEM image taken from 
the sample prepared by quenching the solution as prepared at 20 ºC (before heating) on a TEM-grid, where 
some nanocrystals of P3HT are visible. (c) TEM image corresponding to the solution after heating to 50 ºC 
and cooling back to 20 ºC, with no P3HT aggregates detected. The same behaviour was observed for pure 
P3HT (without PCBM) in a concentration of up to 30 mg/ml ODCB.  
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To get some idea about the importance of the state of P3HT in the ODCB-solution (depending 
on whether it is completely dissolved or contains some nanocrystals) for the morphology of the 
P3HT/PCBM photoactive layers and performance of the corresponding solar cell devices, a set of 
experiments has been carried out with two different solutions as a starting point for formation of 
P3HT/PCBM films. The first solution of P3HT/PCBM in ODCB (in a ratio of 1/1 by weight and the 
total concentration of 20 mg/ml) was prepared by stirring overnight at room temperature with, as 
the result, some P3HT crystals still present in solution. The second one was prepared in the same 
way but at 70 ºC and cooled down to room temperature prior to spin-coating, with all P3HT being 
completely dissolved as the result. No experimental evidence of formation of PCBM 
aggregates/crystals was obtained in any solutions prepared in this study.  

The first mentioned situation when a solution of P3HT/PCBM in ODCB was prepared at R.T., is 
absolutely identical to that used in our previous studies (see Chapters 3 and 4). Only, a different 
grade of P3HT was now used, with the same regioregularity (RR = 98%) but slightly lower 
molecular weight (Mn of 16500 instead of 19400, as determined by SEC), slightly higher 
polydispersity (PDI of 1.53 instead of 1.40) and possibly different levels of (metal) impurities. Most 
probably, as a result of these disparities, the previous behaviour of P3HT/PCBM could not be 
exactly reproduced.  

The performance of P3HT/PCBM devices obtained by spin-coating was slightly worse in case 
when completely dissolved solutions were used for photoactive layer preparation (largely due to 
lower values of short circuit current Jsc): the corresponding power conversion efficiencies were 
2.0% in case when some crystals of P3HT were present in solution and 1.8% for the solution with 
all P3HT dissolved (see Table 6.1). This result was not unexpected since P3HT should crystallize 
more readily when some crystalline P3HT nanowires are already present in solution, with the 
positive consequences for device performance. After thermal annealing, all the parameters of 
device performance reached almost identical values in both cases, independent of solution 
preparation, with final power conversion efficiencies of 2.3%.  

 

Table 6.1  The parameters of performance of P3HT/PCBM solar cell devices (1/1 by weight) prepared from 
solutions in ODCB (total concentration of 20 mg/ml) by spin-coating (SC) at 500 rpm for 4 min and 
subsequent thermal annealing (TA) at 130 ºC for 20 minutes: short circuit current Jsc, open circuit voltage Voc, 
fill factor FF and power conversion efficiency η (not corrected for spectral mismatch). One solution was stirred 
at room temperature (R.T.) overnight, another one was stirred at 70 ºC overnight and cooled down to R.T. 
prior to spin-coating. The device architecture was in all cases: glass – ITO – PEDOT:PSS (70 nm) – 
P3HT/PCBM (90 nm) – LiF (1 nm) – Al (100 nm).  

Solution 
preparation 

Film 
preparation 

Isc 
(mA/cm2) 

Voc (V) FF η (%) 

R.T. SC 5.80 0.56 0.61 2.0 

R.T. TA 6.61 0.56 0.62 2.3 

70 ºC - R.T. SC 4.86 0.59 0.62 1.8 

70 ºC - R.T. TA 6.75 0.56 0.61 2.3 

 

What was surprising, however, is that, in spite of identical device performance, the morphology 
of the thermally annealed photoactive layers did look quite different (see Figure 6.6). The technique 
of electron tomography was applied to investigate the three-dimensional (3D) morphology of the 
given P3HT/PCBM films and it showed that films prepared from solutions containing some 
crystalline P3HT were composed of rather long P3HT nanowires, whereas the films prepared from 
completely dissolved solutions were composed of rather short, but more numerous, nanowires. The 
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level of P3HT crystallinity was somewhat higher in the first case, with the degree of P3HT 
crystallinity of 48±3% versus 43±3% (as determined from the plots presented in Figure 6.7 in the 
way that was explained in Section 3.2.3). When looking into the distribution of crystalline P3HT 
nanowires through the film thickness, it turned out to be almost identical in both types of films, with 
enrichment of crystalline P3HT in the lower part of the film, next to the positive (ITO) electrode (see 
Figure 6.7).  

These results indicate that the state of P3HT in solution does influence the resulting 
morphology of the photoactive layers. Nuclei and nanocrystals of P3HT already present in solution 
(prepared at R.T.) tend to continue growing during film formation and thermal annealing, and give 
rise to long nanowires as a result. When P3HT is completely dissolved (in solution stirred at 
elevated temperature), nuclei of crystals should form first during film formation and evidently many 
nuclei are being formed then. During thermal annealing, all these nuclei and small crystals can only 
grow to a limited extent, giving rise to a lot of short nanowires in the corresponding P3HT/PCBM 
films.  
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Figure 6.6  The type of morphology observed in thermally annealed (TA) films of P3HT/PCBM prepared from 
two different solutions in ODCB: the one stirred at room temperature (R.T.) where some P3HT nanowires are 
still present, and the other prepared at elevated temperature so that all P3HT is completely dissolved. The 
bright-field TEM images in the first row illustrate the state in solution (P3HT nanowires look dark). The second 
row of images presents the visualization of 3D morphology of the TA P3HT/PCBM films as obtained by 
electron tomography; the dimensions of the 3D datasets are around 1700 nm x 1700 nm x 90 nm (P3HT 
nanowires now look bright). In the third row, one slice out of each 3D dataset is shown. Long P3HT nanowires 
can be distinguished in the case of the R.T.-solution and plenty of short nanowires are present in films 
prepared from the solution stirred at elevated temperature.  

 

It would be very interesting to know how exactly the 3D network of crystalline P3HT is 
organized in both types of films, how many cross-junctions P3HT nanowires form in each film, what 
is the exact length of percolation pathways, etc. Unfortunately, due to rather poor contrast in the 3D 
datasets of P3HT/PCBM making it at the moment difficult to segment (binarize) the datasets in a 
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meaningful way, it is still difficult to extract this information from electron tomography data. The use 
of imaging filters for contrast enhancement or the use of an alternative reconstruction method, such 
as discrete tomography (DART), may help to analyze these datasets in much more detail in the 
future (see Section 5.7 more a more detailed discussion). At present, it can only be suggested that 
morphological organization with plenty of short nanowires may be more effective than the one with 
longer nanowires, since it results in the same device performance with a lower amount of 
crystalline P3HT.  
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Figure 6.7  The distribution of crystalline P3HT nanowires through the thickness of the thermally annealed 
P3HT/PCBM photoactive layers from Figure 6.6. The lower part of the film is located next to the hole 
collecting electrode (i.e. PEDOT:PSS – ITO – glass substrate).  

 

The observation that the same device performance can be obtained for two quite different 
types of P3HT/PCBM morphology, the one with predominantly long crystalline P3HT nanowires 
and the other with rather short nanowires, as long as P3HT has a similar degree of crystallinity and 
identical type of vertical segregation, is quite remarkable.  

What should be noted, however, is that the performance of annealed P3HT/PCBM devices is 
now rather poor and significantly lower than that of identical devices prepared with the previous 
grade of P3HT (see Chapters 3 and 4), largely due to differences in the values of short circuit 
current Jsc (viz. 6.7 mA/cm2 as obtained with the new P3HT grade and typically ~9.5 mA/cm2 with 
the previous P3HT grade), while the fill factor retained the comparable values of 0.61-0.62. 
Adjusting the duration and temperature of the annealing treatment did not lead to better 
performance in either case. The overall degree of P3HT crystallinity is now also somewhat lower: 
43% and 48% instead of previous 55% or even 58% but it is not entirely in proportion with the 
device performance. Further differences in device performance can be rationalized by the fact that, 
with the previous grade of P3HT, more of crystalline P3HT nanowires were concentrated in the 
lower part of the P3HT/PCBM film (next to the hole collecting electrode): namely around 44 
volume%, whereas now mere 30-33 volume% crystalline P3HT are located there (compare Figure 
3.11 on page 44 with Figure 6.7).  

Thus, also from this study, it can be concluded that the amount of crystalline P3HT in the lower 
part of the photoactive layer is most crucial for device performance. Further research is desirable to 
figure out why the crystallization behaviour of P3HT is now different from the previous P3HT grade: 
whether it really originates from minor changes in molecular weight distribution or maybe some 
other factors are involved too (like the type and amount of impurities or eventual partial oxidation of 
P3HT).  

ODCB is not the most suitable solvent for studying how to form P3HT crystals in solution as it 
dissolves P3HT readily in rather high concentrations (> 30 mg/ml at R.T.), even though it may take 
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some time (or elevated temperature) before all P3HT is completely dissolved. Going to even higher 
concentrations to force P3HT crystallization will result in highly viscous solutions, which 
complicates both their eventual application (since high viscosity of solution makes it more difficult to 
obtain films of homogeneous thickness) and investigations with e.g. UV-Vis spectroscopy.  

 

6.5 The State of P3HT in Toluene  

Toluene is neither too good nor too bad solvent for P3HT: solubility of P3HT in toluene is 2.1 mg/ml 
at 25 ºC, which is in-between ODCB and such poor solvents for P3HT as hexane or methanol.13 Of 
course, also here the dissolution process can be accelerated with aid of elevated temperature. 
Thus, when trying to dissolve P3HT in toluene in rather low concentrations of around 0.2-0.5 mg/ml 
by stirring for 2 hours at room temperature, not all P3HT gets completely dissolved: both peaks at 
around 560 nm and 608 nm (that scale with P3HT crystallinity20) are observed in the UV-Vis 
absorption spectra (see Figure 6.2 above) and the colour of the solution (dispersion) is purple. After 
heating to 50 ºC, both peaks disappear in about 10 minutes and do not reappear upon cooling to 
R.T. (at least for 8 weeks). Also, the colour of solution changes upon heating from purple to orange 
and it remains orange after cooling the solution. (In case when PCBM is added, the change in 
solution colour is less pronounced.)  
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Figure 6.8  UV-Vis spectra of P3HT in toluene in concentration of 8 mg/ml. Under these conditions, P3HT 
dissolves completely only at elevated temperatures (50-60 ºC). Upon cooling this solution to room 
temperature, the peak above 600 nm attributed to π-π interchain interactions appears immediately and 
continues to increase in magnitude with time. The full measurable range is presented in (a) and the range with 
smaller absorbance values corresponding to the first 10 minutes of the crystallization process is shown in (b).  

 

When P3HT is taken in higher concentrations than the solubility value in toluene at room 
temperature, e.g. 8 mg/ml, then elevated temperature is absolutely necessary to dissolve it 
completely, and upon cooling the solution to room temperature, formation of P3HT crystals starts 
immediately (see Figure 6.8). Two features in UV-Vis absorption spectra evolve after cooling: a 
peak at around 613 nm and a shoulder at around 570 nm (the latter clearly visible in the spectrum 
taken after 18 hours of crystallization at 20 ºC). Please note that the initial peak above 600 nm 
(attributed to π-π interchain interactions in P3HT) is positioned at 602 nm in toluene dispersions as 
prepared at room temperature and after heating them up to 50-60 ºC (e.g. see the spectrum of 
40ºC in Figure 6.8a). Thus, after cooling, this peak re-appears shifted with 11 nm to higher 
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wavelengths which indicates that some changes take place in π-π stacking in P3HT crystals as 
present in the initial powder and as formed from the (over-)saturated toluene solutions. The exact 
origin of this shift is, however, unclear at the moment. Exactly the same shift in the position of the 
peak above 600 nm was also observed when using p-xylene instead of toluene for forming P3HT 
crystals in solution (with concentration of 10 mg/ml).  

It turned out that the evolution of P3HT crystals in time was poorly reproducible for the 
conditions used in this study, viz. for rather fast (within 30 minutes) cooling from 60 ºC to 20 ºC. 
Both the initial speed of evolution of the peak at 613 nm and the way it seemed to stop evolving 
after ~10 hours of crystallization (round data points in Figure 6.9) or not (triangles in Figure 6.9), 
i.e. the shape of the curve in Figure 6.9, varied from experiment to experiment. In all cases, 
formation of a turbid precipitate was observed after 24 to 27 hours of crystallization. Based on the 
literature data (P3HT in p-xylene in concentration range of 5 mg/ml to 25 mg/ml), no precipitation is 
observed when cooling is carried out in a controlled and rather slow manner, generally between 5 
to 20 °C/h.15  
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Figure 6.9  Two examples of the (poorly reproducible) evolution of intensity of the peak at 613 nm in the 
P3HT solution in toluene (8 mg/ml) prepared at 60 ºC, after cooling it down to 20 ºC. Formation of a turbid 
precipitate (as pointed out by the arrows) was observed after 24 or 27 hours corresponding to a strong 
increase in absorption, eventually beyond the measurement limit of 4.0 units. Round data points originate 
from the dataset presented in Figure 6.8.  
 
 

To characterize the morphology evolution of P3HT crystals/aggregates, TEM investigations 
were carried out (Figure 6.10). In the initial dispersion of P3HT in toluene as prepared at room 
temperature, some crystalline P3HT nanowires, a few hundred nanometres to maximum 1 
micrometer long, typically clustered together, were observed. Upon heating to 60 ºC, all P3HT was 
completely dissolved and no nanowires were detected. In solutions obtained less than 24 hours 
after cooling back to room temperature, P3HT nanowires were again observed, being much longer 
now, with maximum lengths of several micrometers. The precipitate formed after 24 hours 
contained all sorts of morphologies: P3HT nanowires showing a characteristic ring corresponding 
to (020) reflections of P3HT crystals in electron diffraction (ED) patterns, but also amorphous parts 
and bulky crystals, characterized by appearance of new features (rings and dots) in ED patterns 
(the lowest row of images in Figure 6.10).  

Formation of such a bulky and poorly defined precipitate of P3HT should be avoided: it is 
undesirable for P3HT/PCBM device performance since exciton dissociation and hole transport can 
not be as efficient with these bulky and partially crystalline structures as with perfect crystalline 
P3HT nanowires. The way to avoid it, as mentioned above, is to try controlled slow cooling (5 to 
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20 ºC/h) of the toluene solutions. Cooling to lower temperatures than 20 ºC will also enhance 
growth of P3HT nanowires. With the procedure used up to now, only quite low amounts of P3HT 
crystallized after 18-24 hours (before the precipitate formed): the highest observed intensity of the 
peak at 613 nm was still lower than that in the initial toluene solution heated to 40 ºC (see Figure 
6.8a). Going to lower temperatures will certainly accelerate the crystallization process of P3HT in 
toluene and lead to higher final amounts of crystalline material (as solubility decreases with 
decreasing temperature).  
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Figure 6.10  Bright-field TEM images showing morphology evolution of P3HT in toluene (8 mg/ml) after 
heating to 60 ºC and cooling back to 20 ºC (corresponds to time of 0 hours). The scale bar is 200 nm. The 
P3HT nanowires like those after 6 h were also observed after 3 h and 18 h of crystallization (images not 
shown). The lowest row of images presents electron diffraction patterns acquired on the same spots as the 
images above.  

 

When PCBM was added to P3HT (in a ratio of 1:1 and thus total concentration of 16 mg/ml), 
the behaviour of P3HT in toluene largely remained the same. Some P3HT nanowires were present 
in solutions prepared at R.T.; all P3HT was completely dissolved when heating the solutions to 60 
ºC; and crystalline P3HT nanowires started to form immediately when solutions were cooled back 
to R.T. The only difference was that crystallization of P3HT proceeded more slowly in this case 
(also when some discrepancies in data due to poor reproducibility are taken into account), viz. the 
maximum observed intensity of the peak at 613 nm was around 1.0 after 20 hours of crystallization 
from P3HT/PCBM solutions and around 1.5 after 18-20 hours of crystallization from P3HT solutions 
(see Figure 6.9). Slower crystallization can be rationalized by higher viscosity of the P3HT/PCBM 
solutions and, as a result, slower diffusion of P3HT chains.  
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To investigate the influence of the state of P3HT in toluene solutions on P3HT/PCBM 
morphology and device performance, some devices were made from P3HT/PCBM solutions 
(dispersions) in toluene (1/1, total 16 mg/ml): the first prepared at R.T. (with some undissolved 
P3HT nanowires present), the second prepared at 60 ºC and spin-coated while hot (all P3HT 
completely dissolved) and the third prepared at 60 ºC but cooled down to R.T. prior to spin-coating 
(so that some crystalline P3HT nanowires just started to form). The parameters of the 
corresponding devices are listed Table 6.2. Here, just like in case with ODCB solutions (described 
above), it is clear that the state of P3HT in solution influences the resulting photoactive layer 
morphology and device performance.  

After spin-coating from solutions already containing some crystalline P3HT, rather long P3HT 
nanowires are visible in the P3HT/PCBM films (Figure 6.11a), the peaks at around 560 nm and 
above 600 nm in absorption spectra (both correlating with P3HT crystallinity) are pronounced 
(Figure 6.11b), and relatively high values of short circuit current Jsc and power conversion 
efficiencies η are obtained (device #1 in Table 6.2). When all P3HT is completely dissolved, spin-
coating results in P3HT/PCBM films where only short imperfect P3HT nanowires can be 
distinguished, the features in absorption spectra are weakly developed and device performance is 
rather poor (device #3 in Table 6.2). When completely dissolved (at elevated temperature) 
solutions are cooled to R.T. prior to spin-coating, so that some P3HT just starts crystallizing, the 
resulting device performance after spin-coating is in-between two first cases (device #5).  However, 
after thermal annealing, morphological organization in the films, including P3HT crystallinity, and 
device performance improve in all three cases and reach comparable levels. 

 

Table 6.2  The parameters of performance of P3HT/PCBM solar cell devices (1/1 by weight) prepared from  
solutions in toluene (total concentration of 16 mg/ml) by spin-coating (SC) at 500 rpm and subsequent thermal 
annealing (TA) at 130 ºC for 20 minutes: short circuit current Jsc, open circuit voltage Voc, fill factor FF and 
power conversion efficiency η (not corrected for spectral mismatch). The device architecture was in all cases: 
glass – ITO – PEDOT:PSS (70 nm) – P3HT/PCBM – LiF (1 nm) – Al (100 nm).  

N 
Solution 

preparation 
Film 

preparation
Film thickness 

(nm) 
Isc 

(mA/cm2) 
Voc (V) FF η (%) 

1 R.T. SC 108±9 5.49 0.58 0.53 1.7 

2 R.T. TA 108±9 5.64 0.56 0.58 1.8 

3 60 ºC SC 116±4 2.39 0.70 0.47 0.8 

4 60 ºC TA 116±4 6.33 0.57 0.57 2.0 

5 60 ºC - R.T. SC 117±2 3.51 0.63 0.60 1.3 

6 60 ºC - R.T. TA 117±2 6.12 0.56 0.59 2.0 

 

 

To sum up, crystalline P3HT nanowires could be formed from toluene solutions by using a 
thermochromic approach, viz. dissolving all P3HT (taken in concentrations above the solubility limit 
at R.T.) at elevated temperatures and then cooling the solution down to R.T. However, the 
crystallization process was poorly reproducible and formation of an undesirable precipitate was 
observed after 24 hours of crystallization. To optimize the yield of crystalline P3HT nanowires and 
prevent formation of a precipitate, the current procedure should be modified e.g. by a controlled 
slow cooling (in the range of 5 to 20 ºC/h). The presence of crystalline P3HT in solution influences 
in a beneficial way the morphology of the P3HT/PCBM films obtained by spin-coating and the 
corresponding device performance.  
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Figure 6.11  (a) Bright-field TEM images illustrating the state of P3HT in solutions of P3HT/PCBM in toluene 
(1/1, total 16 mg/ml) and morphology of the P3HT/PCBM photoactive layers obtained by spin-coating (SC) 
these solutions, corresponding to devices #1 and #3 from Table 6.2. The scale bar is 200 nm in all images. (b) 
UV-Vis absorption spectra of P3HT/PCBM films obtained from the same two solutions by spin-coating (SC) 
and thermal annealing (TA), corresponding to the first 4 devices in Table 6.2.  

 

 

6.6 Conclusions and Outlook 

To gain a better control over morphology formation of the P3HT/PCBM photoactive layers, viz. to 
get high crystallinity of P3HT and to ensure that most of crystalline P3HT nanowires are located 
next to the positive electrode, it is desirable to have (almost) all P3HT in the form of crystalline 
nanowires already in the solution (dispersion). Two approaches to achieve this have been tried in 
this study, viz. 1) adding an excess of n-hexane (a poor solvent for P3HT) to a solution of P3HT in 
o-dichlorobenzene (ODCB), and 2) using toluene (neither too good nor too bad solvent for P3HT) 
to dissolve P3HT in relatively high concentrations at elevated temperatures and then cooling the 
solution to R.T. so that crystallization of P3HT took place. Both approaches have resulted in 
formation of crystalline P3HT nanowires, as confirmed by UV-Vis spectroscopy and microscopy 
techniques (TEM and AFM). 

In case of the mixed solvents approach, the evolvement of crystalline P3HT nanowires in a 
dilute hexane/ODCB solution has been studied in detail. It was found that the increase in the length 
of P3HT nanowires (based on AFM data) at later stages of the crystallization process was much 
larger than the corresponding increase in the level of P3HT crystallinity (viz. evolvement in the 
absorption spectra of the peak at around 608 nm, which is attributed to π-π interchain interactions 
in P3HT). A plausible explanation for this phenomenon is that the later stages of the crystallization 
process are governed either by merging of shorter nanowires into longer ones and/or by a process 
of Ostwald ripening, viz. dissolution of shorter (less stable) nanowires to serve as a material for 
growth of the longer ones. 

To enhance P3HT crystallization when applying the mixed solvents approach, it is desirable to 
take an even higher excess (than 2.5:1 by volume used in this study) of an even worse solvent for 
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P3HT than hexane, such as methanol. High amounts of solvents needed constitute an obvious 
drawback of this method.  

In case of the second (thermochromic) approach, crystallization of P3HT from toluene 
solutions, prepared at elevated temperatures and then cooled down to R.T., turned out to be poorly 
reproducible. Even worse, formation of an undesirable bulky precipitate was always observed after 
24 hours of crystallization, by the time when only a small fraction of P3HT crystallized into 
nanowires. In the present study, the cooling was rather fast (around 80 ºC/h) and, hopefully, better 
results, viz. higher amounts of crystalline nanowires and no precipitate, can be achieved when 
solutions are cooled in a controlled slow way (e.g. with the rates of 5 to 20 ºC/h, as reported in 
literature15).  

Whether P3HT is completely dissolved in solution or some of it is present in a crystalline form, 
has an impact on the resulting morphology of the P3HT/PCBM photoactive layers obtained by spin-
coating and on the corresponding device performance. The results obtained so far, for solutions 
(dispersions) of P3HT/PCBM both in ODCB and in toluene, support the hypothesis that, in order to 
get efficient solar cell devices, it is beneficial to have crystalline nanowires of P3HT already present 
in solution. 

Even though these first results to form P3HT crystals in solution are promising, the amount of 
the obtained P3HT nanowires has been relatively low and formation of an undesirable precipitate 
has often been observed. Thus, this research should be continued to find out how to prevent the 
precipitate formation, increase the yield of crystalline P3HT nanowires and make their practical 
applications in solar cell devices possible.  

To achieve this, the phase behaviour of P3HT and P3HT/PCBM in different solvents (or 
mixtures of solvents) should first be better understood as a function of temperature, concentration, 
molecular weight distribution and regioregularity of P3HT, and the ratio between P3HT and PCBM. 
These data can be used to establish phase diagrams and to define specific pathways of forming 
nanostructures, such as P3HT nanowires, in different solvents. The structure formation may be 
investigated with UV-Vis spectroscopy, X-ray scattering and diffraction, microscopy techniques 
such as AFM and TEM (including different imaging modes and electron diffraction), and eventually 
with Infra-Red (IR) and Raman spectroscopy. In addition, theoretical models (based on Flory-
Huggins theory) and molecular dynamics (MD) simulations may be applied to predict the phase 
behaviour and the structure development in the multi-component mixtures and to better understand 
and direct the experiments. Finally, the obtained P3HT (and eventually PCBM) nanostructures in 
solutions should be applied for preparing P3HT/PCBM solar cell devices and testing their 
performance. 

 

6.7 Experimental  

Materials: P3HT (Mn = 19400 g/mol and PDI = 1.4 as determined by GPC, and regioregularity of 98% as 
determined by NMR, from Plextronics, Inc.) and PCBM (with purity of >99%, Solenne B.V.) were used as 
received.  

Absorption data were acquired using a Perkin Elmer UV-Vis spectrometer Lambda 40.  

Transmission Electron Microscopy (TEM): The P3HT/PCBM layers were floated from the water soluble 
PEDOT:PSS substrate onto the surface of demineralised water and picked up with 400-mesh or 200-mesh 
copper TEM grids for TEM investigation. The samples for investigation of the P3HT/PCBM aggregates in 
solutions were prepared by diluting the original solution in excess of the solvent, drop-casting this diluted 
solution on top of a carbon-coated TEM copper grid (pre-cleaned by oxygen plasma) under strong nitrogen 
flow to make the solvent evaporate as fast as possible. Bright-field TEM morphology observation, acquisition 
of tilt series and electron diffraction patterns were performed on a Tecnai G2 20 TEM (FEI Co.) operated at 
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200 kV. All tilt series were obtained in an automatic fashion by using the Xplore3D software package (FEI 
Co.), in the tilt range of around ±70º using a Saxton tilt scheme with a 0º-tilt step of 1.5º. The alignment and 
reconstruction (by SIRT, 20 iterations) of the data series was performed by using Inspec3D (FEI Co.) and 
visualization of the 3D reconstructed volume was done with Amira 4.1 (Mercury Computer Systems Inc.). 

Atomic Force Microscopy (AFM) measurements were conducted on the P47HT microscope (NT-MDT, 
Russia) in an intermittent contact (tapping) mode.  

Device fabrication: The solar cell devices were fabricated by spin-coating a solution of P3HT and PCBM, 
sandwiched between a transparent anode and a cathode. The anode consisted of cleaned indium tin oxide 
(ITO) patterned glass substrates (Philips Research) covered by spin-coating a poly(3,4-
ethylenedioxythiophene)/ poly(styrenesulfonate) (PEDOT:PSS) dispersion (Baytron® P VP AI 4083; H.C. 
Starck) after filtration using a 0.45 μm filter. The cathode consisted of LiF (1 nm) capped with Al (100 nm).  

The ITO-coated glass substrates were cleaned by ultrasonic treatment in acetone, followed by rubbing 
with soap, rinsing in demineralised water, refluxing in isopropyl alcohol to remove water and finally they were 
treated in a UV-ozone oven for ca. 30 minutes. Spin-coating of a P3HT/PCBM solution on top of a 
PEDOT:PSS layer with a spin speed of 500 rpm resulted in formation of homogeneous layers. After spin-
coating, the samples were transferred into a glovebox with a nitrogen atmosphere to evaporate LiF and Al at 
pressure of <10-6 mbar. The active device area was 16.2 mm2. Thermal annealing was performed on 

complete devices at 130 C for 20 minutes on top of a hot plate inside a glovebox. Thicknesses of the 

photoactive layers and the PEDOT:PSS layer were determined with a Tencor P-10 surface profiler. Current 
density-voltage (J-V) measurements were carried out at room temperature with a computer-controlled 
Keithley 2400 Source Meter in the dark or under simulated solar light (100 mW/cm2) from a Philips Brilliantline 
Pro 50 W tungsten-halogen lamp, filtered by UV (GG 385) and infrared (KG1) filters.  
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Chapter 7 

The Effect of 3D Morphology on the Efficiency of 
Hybrid Polymer Solar Cells 

Owing to the high contrast between poly(3-hexylthiophene) (P3HT) and ZnO, three-dimensional 

(3D) datasets of the P3HT/ZnO photoactive layers obtained by electron tomography could be 

straightforwardly segmented and quantified in detail. The nanoscale 3D morphology was 

statistically analyzed for percolation pathways and for the scale of phase separation (by quantifying 

spherical contact distances). As the result, a consistent and quantitative correlation between the 

three-dimensional morphology, photophysical data and performance of P3HT/ZnO solar cell 

devices was obtained for devices with different layer thickness, which enabled differentiating 

between charge generation and charge transport as limiting factors to the device performance. 
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7.1 Introduction  

An alternative to polymer/fullerene solar cells (like those considered in Chapters 3-6) are hybrid 
solar cells that use a combination of organic and inorganic materials. The concept of hybrid solar 
cells has been demonstrated by combining semiconducting polymers as donor with different 
inorganic materials, including CdSe,1,2 TiO2

3,4 and ZnO,5-7 as acceptor. Potential advantages of the 
inorganic semiconductors are a high dielectric constant which facilitates carrier generation 
processes, a high carrier mobility, and the thermal morphological stability of the photoactive layers.  

Ultimately, hybrid cells offer the prospect of direct control over the morphology of the blend by 
first constructing the inorganic scaffold with the proper layout and dimensions8-10 and then filling it 
with the organic material, but until now the best hybrid solar cells were made by simultaneous 
deposition of the two components. This often involves tricky processing, due to the rather different 
nature of the materials involved. These drawbacks can largely be circumvented by the in-situ 
generation of the inorganic semiconductor inside the organic material.11,12 In this process a well 
soluble organometallic precursor is deposited from solution together with the semiconducting 
polymer. During and after this deposition the precursor is converted, by reacting with moisture from 
the surrounding atmosphere, to an inorganic network inside the polymer film. This approach has 
recently provided 1.4% efficient hybrid polymer solar cells by using diethylzinc as the ZnO 
precursor and poly(3-hexylthiophene) (P3HT) as the semiconducting polymer.13 

The reasons for the lower efficiency of hybrid solar cells as compared to the more efficient 
polymer/fullerene cells are only partly understood and need to be analysed to further increase the 
performance. Here we describe and analyze in-situ P3HT/ZnO solar cells that reach power 
conversion efficiencies of 2%. Electron tomography was applied to characterize the three-
dimensional morphology of the P3HT/ZnO photoactive layers and, thanks to the high contrast 
between the polymer and ZnO, the resulting 3D datasets could be easily segmented and quantified 
in great detail, unattainable at the moment for the polymer/fullerene datasets (see Section 5.7). The 
elaborate 3D morphology quantification combined with photophysical characterization and device 
performance data provide a detailed insight into the role of the nanoscale 3D morphology in 
creating and transporting charges in the bulk-heterojunction photoactive layers. 

 

7.2 Results and Discussion  

The photoactive layer of the solar cells was applied by spin-coating a blend of diethylzinc and 
P3HT from a mixture of chlorobenzene, toluene and tetrahydrofuran (THF) onto a transparent 
electrode, consisting of poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) on 
an indium tin oxide (ITO) covered glass substrate (see Section 7.4 for experimental details). During 
spin-coating, the diethylzinc was exposed to humidity causing hydrolysis and formation of Zn(OH)2. 
The subsequent condensation reaction was completed by annealing the film at 100 °C to form ZnO 
particles inside the P3HT. An aluminium top electrode completed the device (see Figure 7.1 for a 
cross-section of a typical device). 

Electron diffraction experiments confirmed the presence of crystalline P3HT14 and ZnO15 
domains in these photoactive layers (see Figure 7.2). In reflections originating from ZnO in electron 
diffraction patterns, one narrow and one broad ring can be distinguished which are attributed to the 
(100) and a combination of the (002) and (101) reflections of wurtzite ZnO, respectively.15  
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Figure 7.1  A bright-field TEM image of a cross-section of a typical complete device (a layer of platinum was 
added on top to make sample preparation possible). The scale bar is 100 nm. In the P3HT/ZnO photoactive 
layer, ZnO clusters look dark in the brighter P3HT matrix. The cross-section was obtained by using a focused 
ion beam (FIB) and is ca. 80 nm thick.  

 

Several mass ratios of P3HT versus ZnO were tested. A 1:1 ratio (by weight) was found to give 
the best performance. This translates into a ZnO volume fraction of ca. 20% only, noticeably 
smaller than what is commonly used in polymer/fullerene solar cell devices, where the optimal 
fullerene content is typically at least 40 vol.-%. Also, the thickness of the P3HT/ZnO active layer 
was systematically varied between 50 and 250 nm by adjusting the spin speed during the coating 
process, while keeping the same P3HT and diethylzinc concentration.  

 

 
Figure 7.2  Electron diffraction patterns of a 45 nm thick P3HT/ZnO film (a) and a pure P3HT film (b). The 
(020) reflection of P3HT crystals corresponds to a d-spacing of 0.39 nm (which is the typical π-π stacking 
distance of P3HT chains14), and indicated reflections of ZnO correspond to d-spacings of about 0.25 nm.  

 

The performance of the P3HT/ZnO devices improves significantly with increasing the 
photoactive layer thickness, mainly as a result of increasing current densities (see Table 7.1). The 
best overall performance, with the power conversion efficiency of 2.0%, was obtained for a device 
with a photoactive layer thickness of around 220 nm. It is quite uncommon for polymer solar cells to 
have an optimal layer thickness significantly larger than 100 nm, typically because of charge 
collection limitations at larger thicknesses (see also Chapter 4). The good performance of the 
relatively thick P3HT/ZnO layer is a strong indication that both hole collection through the P3HT 
phase and electron collection through the ZnO phase occur quite effectively; the latter despite the 
relatively low ZnO content.  
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Table 7.1  Performance of some P3HT/ZnO solar cells used in this study: short circuit current density Jsc, 
open circuit voltage Voc, fill factor FF and power conversion efficiency η. The structure of solar cells is: ITO / 
PEDOT:PSS (70 nm) / P3HT:ZnO (1:1) / Al (100 nm). The values of Jsc have been corrected by convoluting of 
the external quantum efficiency (EQE), as obtained from spectral response measurements, with the AM 1.5G 
spectrum. The values of Voc showed in general quite poor reproducibility: e.g. some thinner films had Voc of 
around 0.7 V (rather than around 0.6 V as listed here) and some of the thicker films had Voc lower than 0.7 V.  

Film Thickness (nm) Jsc (mA/cm2) Voc (V) FF η (%) 

57 2.00 0.58 0.52 0.6 

100 3.74 0.68 0.53 1.3 

167 4.17 0.75 0.54 1.7 

220 5.20 0.75 0.52 2.0 

250 5.00 0.72 0.50 1.8 

 

 

Thicker P3HT/ZnO cells outperform the thinner devices thanks to increasing current density, 
while the fill factor and open circuit voltage change little with thickness. Optical modelling performed 
on the entire stack of layers in the device (glass / ITO / PEDOT:PSS / P3HT:ZnO/ Al) and thus 
accounting for interference effects,16 showed that the increasing current density with layer 
thickness is noticeably larger than the absorption increase.17 The internal quantum efficiency (IQE), 
which characterises the fraction of absorbed photons converted into the current that a solar cell 
generates, increases significantly with layer thickness, viz. from 20% for 50 nm thick cells up to 
50% for cells with active layer thicknesses above 150 nm.17 Hence, in thicker layers, not only more 
photons are absorbed, but these photons are also more efficiently transferred into the extracted 
current, either due to the improved exciton dissociation at P3HT/ZnO interface and/or due to better 
transport and collection of free charges (see Scheme 1.1 on page 6). Photoinduced absorption 
(PIA) measurements suggested a higher charge generation efficiency in thicker layers.17 This 
indicates that more excitons split into free charges in thicker P3HT/ZnO films, supposedly owing to 
more favourable phase separation between P3HT and ZnO.  

To examine the morphology of the ZnO/P3HT films, electron tomography was applied to free 
standing films of different thickness (viz. 57, 100 and 167 nm) obtained by spin-coating on (water 
soluble) PEDOT:PSS and then floated on water by dissolving PEDOT:PSS and picked up with 
TEM-grids. The snapshots of the reconstructed volume of these films are shown in Figure 7.3 (a-c). 
A threshold was applied to the raw data as obtained by electron tomography (see for instance 2D 
slices in Figure 7.3, d-f) in such a way that ZnO appears grey in the volume and P3HT looks 
transparent. Obviously, there is a large difference between the three films obtained, with finer 
phase separated domains observed in thicker films. Especially, the thinnest film displays large 
domains both for the ZnO and the P3HT and these domains are substantially larger than the 
exciton diffusion length of ~10 nm. This is consistent with the results of PIA measurements and 
poor device performance of thinner films.  

In order to quantify the relevant morphological parameters, an extensive statistical analysis of 
the 3D datasets provided by electron tomography was performed. Since the P3HT/ZnO photoactive 
layers are quite inhomogeneous in thickness (see e.g. Figure 7.1), only the bulk of the films was 
used for this analysis, leaving out the ill defined “bumpy” top parts of the film. This bulk constitutes 
around 60% of the total layer thickness. The original 3D data of the bulk of the film were then 
binarized to decide which voxels (“volume pixels”) are ZnO and which are P3HT. The threshold for 
this binarization has a major impact on the final outcome, and hence error margins were estimated 
by applying the two extremes for this threshold.  
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Figure 7.3  (a-c) Reconstructed volumes of the P3HT/ZnO layers, obtained by electron tomography (in the 
bright-field TEM mode), and 2D slices taken from these volume datasets: with thickness of 57 nm (a,d), 100 
nm (b,e) and 167 nm (c,f). The lateral size of the datasets in (a-c) and correspondingly the size of the slices in 
(d-f) is ca. 700 nm × 700 nm. In the volumes in (a-c), the threshold was applied to the raw data such that ZnO 
appears grey and P3HT transparent.   

 

First of all, the volume fraction of ZnO was determined from the 3D datasets (see Column 1 in 
the Table 7.2 below). In the two thickest layers, the estimated ZnO volume fraction (ca. 21 vol.-%) 
is close to the expected value of 19 vol.-%, based on the ratio of diethylzinc and P3HT in the spin-
coating solution. The ZnO content in the thinnest layer is significantly lower at 13 vol.-%. This is 
tentatively rationalized by a comparatively large fraction of the diethylzinc evaporating during spin-
coating with the higher spin speed applied for this thin layer. The low ZnO content of the thinnest 
film partially accounts for the relatively large observed P3HT domains.  

Next, spherical contact distances, defined as the distance from a certain voxel of one material 
to the nearest voxel of the other material, were determined for these three films. Cyclic boundary 
conditions were applied for this quantification, i.e. the datasets were extended by mirroring the bulk 
part (i.e. about 60% of the total thickness) of the morphology. Because excitons are mostly 
generated inside P3HT, we focused on the distance distribution from P3HT to ZnO. Figure 7.4 
shows the probability to find P3HT at a certain shortest distance to a ZnO domain. For the 100 and 
167 nm thick films, most P3HT lies well within a shortest distance of 10 nm from ZnO. On the other 
hand, the 57 nm thick sample displays a large amount of polymer at shortest distances as high as 
25 nm from an interface with ZnO. This analysis substantiates that coarser phase separation is 
present in thinner layers.  

The efficiency of the charge carrier generation was then estimated by modelling the exciton 
diffusion through the P3HT phase.17 For this, the three-dimensional exciton diffusion equation was 
solved (for details see reference 17). As the result, an estimate of the fraction of excitons (formed 
within P3HT) reaching the interface with ZnO was obtained (Column 2 in Table 7.2). Assuming that 
excitons efficiently dissociate into free charges at the interface with ZnO,6 the obtained numbers 
coincide with the efficiency of charge generation. 

 

a) b) c) 

d) e) f) 
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Figure 7.4  Statistical analysis of the 3D morphology: a) Distribution of the probability to find a P3HT voxel at 
a certain distance from a ZnO domain for mixed P3HT:ZnO films of different thickness, calculated from the 
3D-datasets displayed in Figure 7.3. b) Cumulative probability to have P3HT within a shortest distance to 
ZnO. The error margins indicated are obtained from the two most extreme thresholds possible for the 
binarization of the 3D data. 

 

It is not exactly clear what governs the large morphology differences in P3HT/ZnO layers of 
different thickness. During deposition several processes take place simultaneously: evaporation of 
three different solvents (chlorobenzene, toluene and THF) and diethylzinc, adsorption of water, 
reaction of diethylzinc with water, evaporation of condensation reaction products, gelation and/or 
precipitation of P3HT and the inorganic material, and crystallization of P3HT. The relative rate of 
these processes will determine the final morphology. Our results suggest that these relative rates 
change significantly with increasing spin speed during deposition. Attempts to further improve the 
morphology of the thin layers by changing processing conditions (solvents, concentration, spin 
speed) have so far been unsuccessful. 

In case of the P3HT/ZnO photoactive layers as thin as 60 nm, the effect of electrodes should 
also be taken into account. It has been reported that excitons in conjugated polymers can be 
quenched at both PEDOT:PSS and LiF/Al electrodes.18-20 Exciton quenching at the electrodes will 
not contribute to the photocurrent generation. To imitate the effect of electrodes, two perfectly 
quenching planes were used as boundary conditions (i.e. the excitons reaching the electrodes were 
considered as 100% annihilated).17 The effect of introducing electrodes is especially striking for the 
thinnest layer (see Column 3 Table 7.2): 32% of excitons are quenched by the electrodes and do 
not contribute to the current. For the thicker layers (100 nm and 167 nm) these effects are far less 
pronounced. This is in part due to the much finer morphology and in part due to the larger layer 
thickness, as both these factors result in most excitons being generated closer to ZnO than to an 
electrode. 

Besides charge carrier generation, also carrier collection is essential for solar cell operation. 
Efficient collection relies on continuous pathways for both carriers (see Figure 7.5). In view of the 
large volume excess of polymer in the blend, connectivity of this material will not be a limiting 
factor. The fraction of ZnO voxels that is interconnected via other ZnO voxels to the top of the 
investigated slab is quite high, at values well over 90% for all three layers, despite the low ZnO 
content (see Column 4 in Table 7.2). The connectivity is smaller for thicker layers, likely because 
larger distances have to be crossed.  

To avoid any confusion, it should be noted that the statistical analysis in this study, including 
analysis of percolation pathways, was carried out on the 3D datasets obtained from the free-
standing films like those shown in Figure 7.3 and not from the cross-sections like the one presented 
in Figure 7.5. In principle, it is preferable to study percolations by using device cross-sections rather 

a) b) 
167nm 

100 nm 

57nm 
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than free-standing films. However, it also takes (much) more time and effort to prepare cross-
sections of whole devices (composed of several layers with different properties) by a focused-ion 
beam (FIB).  

The preference for using cross-sections has to do with tilting geometry when applying electron 
tomography. For the films floated from the PEDOT:PSS substrate and placed on a TEM-grid, the tilt 
axis is located in the plane of the film and the direction of percolations (through the films thickness) 
coincides with the direction of the electron beam. To help the reader: the direction of your glance 
when you look at Figure 7.3 or 7.5 is pretty much the same as the direction of the electron beam 
that went through the specimen in question inside the TEM, i.e. the electron beam’s direction is 
(more or less) normal to the plane of the page. The tilt series were acquired along the tilt axis 
oriented in the plane of the page parallel to its long edge. i.e. in this direction . The direction along 
the electron beam is most vulnerable to artefacts such as elongations of features due to the 
missing wedge (see Section 2.9) and the resolution along this direction is relatively low (see 
Section 2.10). For the tilting range of around ±70º as used in this study, the elongations through the 
specimen thickness are estimated to be around 10% (see Table 2.1 on page 27). 

When cross-sections of devices are prepared and placed on (or rather fixed to) a TEM-grid, the 
orientation of percolations is different: they are now more or less parallel to the tilt axis, which is the 
best direction in electron tomography as no elongations occur along this direction and the 
resolution is at its best. In addition, the contacts of ZnO with the top (aluminium) electrode can be 
studied in detail, as can be seen in Figure 7.5. For these reasons it is advisable to use cross-
sections of devices to quantify percolation pathways.  

 

 
Figure 7.5  (a) Reconstructed volume of a cross-section of the P3HT:ZnO device, shown previously in Figure 
7.1, with grey ZnO domains in transparent P3HT matrix. The cross-section was obtained by using a focused 
ion beam (FIB) and is ca. 80 nm thick. (b) The part of this volume with the black arrow indicating an isolated 
ZnO domain and the white arrow indicating a ZnO domain connected to the top, but not through a strictly 
rising path. 

 

We have investigated two rather thin (80-100 nm) cross-sections of P3HT/ZnO devices by 
electron tomography (one of them is shown in Figure 7.5). The resulting volume under study is in 
this case much smaller than for the free standing films: the cross-section from Figure 7.5 is only 
350 nm times 80 nm times the film thickness, whereas the datasets shown in Figure 7.3 and used 
for statistical analysis are around 700 nm times 700 nm times the film thickness (or 60% thereof). 
Thus the cross-section provides here a volume which is ca. 16 times smaller than in case of a free-
standing film. In order to provide sufficient statistics, the cross-sections should preferably be 
thicker; ideally, as thick as possible.  

a) b) 

Al 



Chapter 7 

104 

There are no practical limitations to make thick cross-sections by FIB; in fact, they are easier to 
manipulate than thinner sections. Their thickness is, however, limited by TEM (and electron 
tomography) itself: the specimens should be thin enough to remain “transparent” for electrons, also 
when tilted to high angles. For instance, for investigations with electron tomography in the bright-
field TEM mode (as in this study), the thickness of specimens is limited to 150-200 nm only. Recent 
studies show, however, that much thicker specimens (up to few micrometers thick!) can be studied 
by electron tomography applied in a low-convergence angle STEM (scanning transmission electron 
microscopy) mode, with resolution of few nanometres in all three dimensions.21 This would be a 
technique of choice to study the 3D morphology of (micrometers thick) cross-sections of bulk-
heterojunction solar cell devices.  

We note that the two cross-sections investigated in this study do show the same high 
connectivity of ZnO as was obtained by analysis of free-standing films. This suggests that eventual 
elongations of ZnO domains through the thickness of the free standing films do not strongly affect 
the results of quantification.  

Mere continuity of ZnO-phase may not be enough to effectively collect the charges. Within a 
continuous phase, pathways may exist that do not continue into the direction toward the collecting 
electrode. Due to the macroscopic electric field over the active layer of the device, charges may be 
trapped inside those cul-de-sacs and thus not collected (see Figure 7.5b). Therefore, we also 
determined the fraction of ZnO connected to the top through a strictly rising path (see Column 5 in 
Table 7.2). The calculated unidirectionally connected fraction of ZnO is still very high (93%) for the 
57 nm thin layer but reduces for thicker layers, reaching 80% for the 167 nm thick film.  

The volume fraction of ZnO (with respect to the total volume of the photoactive layer) 
monotonously connected to the top electrode is, however, still higher in the thicker layers than in 
the 57 nm thin one, where the total ZnO content is significantly lower (see Column 6 in Table 7.2, 
which is the product of values in Column 1 and Column 5). This implies that electron transport 
through thin P3HT/ZnO layers may be less efficient. However, as described above, there are also 
fewer charges to be transported in thin layers due to unfavourably large phase separation. Since 
the values of fill factor (that reflects the balanced transport of free charges, see Scheme 1.1 on 
page 6) are comparable in all films (see Table 7.1), charge transport on the whole is unlikely to be 
less efficient in thin films.  

 

Table 7.2  Calculated volume fraction, fraction of excitons reaching the interface with ZnO before decaying, 
fraction of excitons quenched at the electrodes (and thus not contributing to the current generation) and 
percolation connectivity of P3HT/ZnO layers, all inferred from the electron tomography data. Quantification 
“without electrodes” was performed on the homogeneous bulk (ca. 60% of the total thickness) of the films 
extended by mirroring part of the morphology until the correct thickness was obtained. Quantification “with 
electrodes” was obtained by using two perfectly quenching planes as boundary conditions. The connectivity of 
ZnO was calculated for the bulk dataset and extrapolated to the correct thickness.  

1 2 3 4 5 6 

Without 
electrodes 

With electrodes 
Film 

thickness 
(nm) 

ZnO 
volume 
fraction 
(vol.-%) 

Excitons 
reaching 
the 
interface 
(%) 

Excitons 
reaching 
the 
interface 
(%) 

Excitons 
quenched 
by 
electrodes 
(%) 

ZnO 
connected 
to top (%) 

ZnO 
monotonously 
connected to 

top (%) 

Volume 
fraction of 

ZnO 
monotonously 
connected to 
top (vol.-%) 

57 13 ± 4 40 ± 3 32 ± 1 32 ± 1 96 ± 2 93 ± 2 12 ± 4 

100 21 ± 8 78 ± 5 73 ± 5 7 ± 1 94 ± 5 85 ± 10 18 ± 8 

167 21 ± 8 83 ± 5 79 ± 6 4 ± 1 92 ± 5 80 ± 12 17 ± 9 
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Here it should be noted that in P3HT/ZnO devices hole mobilities through P3HT-phase are 
expected to be lower than electron mobilities through ZnO-phase, analogous to P3HT/PCBM 
devices (though hole mobilities have not been measured in these devices yet). Organization of the 
P3HT phase, viz. how much of P3HT is crystalline and where exactly P3HT crystals are located in 
the photoactive layer, will affect the transport of holes and hence fill factor (see Chapters 3-5). 
Some P3HT is present in a crystalline form in P3HT/ZnO films as evident from the electron 
diffraction patterns (Figure 7.2) but nothing can be said at present about the degree of P3HT 
crystallinity. Also, it is impossible to distinguish crystalline P3HT nanowires in P3HT/ZnO layers by 
a bright-field TEM as used in this study, since the contrast is dominated by (dense) ZnO.  

It is unfortunate that so little can be said about the organization of the component which is 
expected to have lower charge mobility and thus may be limiting the charge transport. Crystalline 
P3HT could be visualized by applying (conical) dark field TEM imaging by selecting the P3HT-ring 
in the electron diffraction pattern with a (small) objective aperture (see e.g. Figure 3.9 on page 42). 
Also, more efforts may be put into a (semi-quantitative) analysis of electron diffraction patterns, 
similar to what was done for the P3HT/PCBM system (see e.g. Figure 3.6 on page 40). For this, 
crystallinity of ZnO in P3HT/ZnO photoactive layers should first be better characterized and, 
preferably, layers with homogeneous thickness should be used.  

 

7.3 Conclusions  

The hybrid polymer solar cells, such as P3HT/ZnO cells, present a major advantage to study the 
relationships between 3D morphology and corresponding solar cell performance because 3D 
datasets provided by electron tomography can be straightforwardly segmented and analysed in 
great detail, unattainable at the moment for polymer/fullerene blends. In this study, a quantitative 
analysis of the phase separation and percolation pathways was performed and used to explain the 
performance of P3HT/ZnO devices of different thickness.  

Looking at the combined effects of charge carrier generation and collection, we can conclude 
that the relative poor performance of thin P3HT/ZnO solar cells is related to inefficient charge 
generation as a result of the low ZnO content, to the coarse phase separation, and to the exciton 
losses impaired by the electrodes. For thicker photoactive layers charge generation is much more 
efficient, owing to a much more favourable phase separation.  

Thicker devices show superior efficiencies, but still the internal quantum efficiency (IQE) only 
reaches 50%. Since in thicker layers most excitons (around 80%) reach the P3HT/ZnO interface 
where they can dissociate into free charges, the IQE is most probably limited by inefficient charge 
transport. Electron transport may be limited by a low volume fraction of ZnO, whereas hole 
transport may be inefficient due to low hole mobilities in P3HT.  

Further improvement in P3HT/ZnO performance can be anticipated if better control over the 
morphology of the photoactive blend can be gained. 

 

7.4 Experimental  

The substrates for device preparation were glass plates covered with patterned indium tin oxide (ITO). These 
substrates were thoroughly cleaned by sonication in acetone, and aqueous dodecyl sulphate solution, 
followed by rinsing with water and sonication in isopropanol and applying UV-ozone for 30 minutes. The 
substrates were then transferred to a nitrogen-filled glovebox with a controlled humidity (RH) of 40%. 
PEDOT:PSS was applied by spin-coating at 1500 rpm for one minute, and subsequent drying for 1 minute at 
3000 rpm, followed by heating on a hot-plate at 100 ºC for 15 minutes. The active layer was deposited by 
spin-coating the mixed solution of diethylzinc and P3HT.  
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Diethylzinc/P3HT solutions were prepared by mixing 350 μL of P3HT in chlorobenzene (14.3 mg mL-1) 
with 150 μL of a diethylzinc solution (0.4 M, obtained by mixing 1.8 mL of a 1.1 M diethylzinc solution in 
toluene with 3.2 mL of THF). The final solution contained 10 mg mL-1 P3HT. Assuming full conversion of the 
diethylzinc to ZnO, this would afford a 1:1 (by weight) ratio of P3HT:ZnO in the mixed film.  

Devices were all spin-coated from the same solution at different spin speeds. The blends were aged for 
15 minutes and then annealed for 15 minutes at 100 ºC in nitrogen. After heating the samples were 
transferred to a glovebox with an inert nitrogen atmosphere (<1 ppm H2O and <1 ppm O2) using an air-tight 
container. The back electrode consisted of 100 nm of aluminium and was evaporated under high vacuum (<3 
× 10-7 mbar). All handling and analysis of the cells was performed under inert atmosphere. 

For TEM investigations, the P3HT/ZnO films were floated from the water soluble PEDOT:PSS substrate 
onto the surface of demineralised water and picked up with 200- mesh copper TEM grids. Bright-field TEM 
morphology observation and acquisition of tilt series for electron tomography were performed on a Tecnai G2 
20 TEM (FEI Co.) operated at 200 kV. All tilt series were obtained in an automatic fashion by using Xplore3D 
software (FEI Co.), in the tilt range of ±70º with a Saxton tilt scheme with a 0º-tilt step of 1.5º. The alignment 
and (SIRT-)reconstruction of the data series was performed by using Inspec3D (FEI Co.) and visualization of 
the 3D reconstructed volume was done with Amira 4.1 (Mercury Computer Systems, Inc.). Cross-sectional 
specimen preparation from a complete device was performed by focused ion beam (FIB) machining applying 
a Quanta 3D FEG (FEI Co.). 

The diffusion equation is solved numerically by using a fully explicit scheme: n(t + Δt) = n(t) + Δt (dn/dt), 
with the last term given by: 

,
d

d 2 gnD
n

t

n


  
where D is the diffusion constant, n is the exciton density, τ is the exciton lifetime, and g is the rate of 

exciton generation. When steady-state is reached, i.e. when dn/dt is smaller than a pre-set tolerance, the 
exciton density throughout the polymer phase is known. By comparing this with the exciton density in the 

absence of a quencher (such as the P3HT/ZnO interface or the electrodes) (τg), the quenching efficiency ηQ 

is obtained from ηQ = 1- n/(τg). See Reference 17 for more details.  
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Conclusions and Outlook 

 
The efficiency of bulk-heterojunction polymer solar cells (PSCs) depends to a large extent on the 
photoactive layer morphology in all three dimensions (see Scheme 1.1 on page 6). The main 
requirements for the morphology of efficient photoactive layers are nanoscale phase separation (for 
efficient exciton dissociation), short and continuous percolation pathways leading through the layer 
thickness to the top and bottom electrodes (for efficient charge transport and collection) and, 
preferably, high crystallinity of both donor and acceptor materials (for high charge mobility). To 
clarify the relationships between the 3D morphology of photoactive layers and performance of 
corresponding solar cells, electron tomography (among other techniques) was used in this project.  

 

Practical aspects of electron tomography  

For photoactive layers of PSCs, electron tomography can usually be applied in a conventional 
bright field TEM (BF-TEM) imaging mode (see Section 2.3). To optimize the outcome of electron 
tomography, i.e. the reconstructed 3D datasets, a Saxton tilt scheme is recommended for tilt series 
acquisition and the SIRT method with at least 15 iterations for reconstruction (20 iterations were 
applied throughout this project). Instead of SIRT, it may be beneficial to use another reconstruction 
approach, viz. discrete tomography or DART, to avoid an often inaccurate and laborious 
segmentation of the 3D datasets (Section 5.7). In addition, one should keep in mind that organic 
specimens tend to shrink under exposure to the electron beam in TEM, especially in the beam 
direction. The negative effect of shrinkage on the tilt series alignment can typically be avoided by 
pre-exposing the specimen prior to the tilt series acquisition and accounting afterwards for the 
occurred shrinkage. For this, the initial thickness of the specimen should be known, e.g. by 
measuring it with a surface profiler as in this project, whereas the final thickness can be directly 
determined from the 3D datasets provided by electron tomography. In general, the radiation 
damage to organic samples can be reduced (but never eliminated altogether) by cooling the 
samples down to liquid nitrogen, or even liquid helium, temperature inside TEM and by using low 
dose techniques. Finally, it is essential that the tilting range is as large as possible to minimize the 
artefacts due to the missing wedge. One of these artefacts is elongation of features in the direction 
of the electron beam. As discussed in Section 2.9, experimental evidence suggests that these 
elongations are (much) less pronounced than was predicted theoretically. To further reduce the 
effects of the missing wedge, it is advisable to use dual-axis tomography.  

 

HAADF-STEM 

Sometimes it may be more advantageous to apply tomography using high-angle annular dark field 
scanning transmission electron microscopy (HAADF-STEM) instead of BF-TEM. HAADF-STEM 
typically produces images having a higher contrast and brightness at the same accelerating 
voltage. Besides, HAADF-STEM can be beneficial for (nano)crystalline materials because 
diffraction contrast can be additionally enhanced, as we have seen in the MDMO-PPV/PCBM 
system (see Section 3.2.1). It may be worthwhile to put more efforts into applying electron 
tomography in the HAADF-STEM mode to other systems too, e.g. to P3HT/PCBM. This technique 
has its complications, though. Dealing with specimen shrinkage by pre-exposure as just mentioned 
may not be possible in case of HAADF-STEM, especially when diffraction contrast is involved (as 
the crystals may get destroyed before the tilt series acquisition even started). HAADF-STEM is a 
sort of low dose technique but still some shrinkage will inevitably occur during tilt series acquisition. 
In this case the alignment of tilt series should be made either by tracking general features present 
in the specimen or by using fiducial markers (such as spherical gold beads). For photoactive layers 
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of PSCs, tracking of general features is often impossible due to the absence of clearly identifiable 
points of interest that can be accurately tracked through the whole tilt series. Fiducial markers, on 
the contrary, can always be added to the specimen prior to tilt series acquisition. However, markers 
may interfere with the reconstruction, disguise the places of interest and complicate the 
interpretation of tomography data. Besides, to properly compensate for the (most pronounced) 
shrinkage through the specimen thickness, it may be helpful to have the markers throughout the 
volume of the photoactive layer and not just on top and bottom surfaces. In practice, it can only be 
achieved by introducing the markers during the photoactive layer formation and this will affect the 
formed morphology in some way.  

 

Evidence of the existence of 3D networks  

When electron tomography (in the BF-TEM mode) was applied to photoactive layers of three most 
efficient (up to now) polymer/fullerene systems, viz. MDMO-PPV/PCBM, polyfluorene/PCBM and 
P3HT/PCBM, it provided direct experimental evidence of the existence of 3D networks in these 
layers. It has long been speculated that the volume of photoactive layers should consist of bi-
continuous nanoscale interpenetrating networks of the donor and acceptor materials (following the 
morphological requirement of nanoscale phase separation and existence of percolation pathways) 
but it was for the first time (to our knowledge) that such networks were observed directly with 
nanometre resolution (see Chapter 3). It was also observed that in case of carbon-based materials 
(which are weak electron scatterers in TEM) the application of electron tomography may be limited 
by poor contrast. Thus, in some of the photoactive layers that give rise to poor solar cell devices, 
no (pieces of) interpenetrating networks could be detected by electron tomography (see for 
instance Section 3.2.2).  

 

Annealing of P3HT/PCBM  

Next, the effect of annealing in the P3HT/PCBM system at elevated temperature or during slow 
solvent evaporation has been studied in detail. It was found that, besides the 3D nanoscale 
networks, efficient P3HT/PCBM photoactive layers are additionally characterized by a high 
crystallinity of the component having intrinsically lower mobility of free charges (i.e. P3HT) and by 
favourable composition gradients, viz. enrichment of (crystalline) P3HT next to a hole collecting 
electrode and enrichment of PCBM next to an electron collecting electrode. Such gradients should 
ensure the existence of the effective percolation pathways to the corresponding electrodes and limit 
possibilities for charge recombination. Another piece of information relevant for the performance of 
PSCs and inaccessible before application of electron tomography is the amount of crystalline P3HT 
that could be quantified with high accuracy in annealed P3HT/PCBM layers through the whole layer 
thickness. 

 

Vertical distribution of crystalline P3HT nanowires in P3HT/PCBM layers 

An unfavourable gradient of crystalline P3HT, i.e. more (crystalline) P3HT closer to the electron 
collecting electrode, has also been observed in some P3HT/PCBM layers in this project (see 
Chapter 5). Previous studies suggested that PCBM was preferentially concentrated on the bottom 
of the P3HT/PCBM films and P3HT closer to the top of the films and that the reason for this is the 
high surface energy of the PEDOT:PSS layer. The fact that electron tomography revealed different 
sorts of vertical gradients in P3HT/PCBM films deposited on the same PEDOT:PSS substrate 
dismiss the key role of the underlying substrate’s surface energy. We infer that the existence and 
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type of composition gradients through the thickness of the active layer are largely determined by 
the molecular weight distribution and regioregularity of P3HT (and possibly by impurities present in 
both P3HT and PCBM) and by kinetic aspects of film formation due to different solution viscosity, 
different time it takes for the solvent to evaporate and eventual differences in local solvent 
concentration. All these aspects have an impact on formation of nuclei and subsequent growth and 
distribution of (nano)crystals throughout the photoactive layer.  

 

Morphology control in thicker layers  

Electron tomography also helped to figure out the reasons of poor performance of relatively thick 
(200 nm) annealed P3HT/PCBM layers that absorb more light than thinner layers (100 nm) but fail 
to convert it into the same or higher levels of photocurrent (see Chapter 4). It turned out that thicker 
layers have less favourable morphological organization, viz. lower crystallinity of P3HT, especially 
next to the hole collecting electrode, and as a result produce poorly functioning devices. Obviously, 
an optimum 3D morphological organization of a photoactive layer is more crucial for high efficiency 
of PSCs than the level of absorption. 

What makes it difficult to produce efficient thick photoactive layers is that phases of donor and 
acceptor should have different length-scales in the volume of the film (see Figure 1.4 on page 10): 
in the order of 10-20 nm in two dimensions (for efficient charge separation) and a few hundred 
nanometres, through the whole film thickness, in the third dimension (for charge transport and 
collection). It is not straightforward to achieve this by spontaneous morphology formation during 
film deposition from solution. Formation of such beneficial photoactive layer morphology might be 
facilitated by depositing the photoactive layer in steps, possibly by using (combinations of) different 
solvents: starting with deposition from solution(s) containing an excess of the donor and finishing 
with an excess of the acceptor. A similar approach is exploited in the tandem cell architecture 
where two or more photovoltaic cells are added in series. Since individual cells making up one 
tandem cell have thinner photoactive layers, it makes it easier to control their morphology.  

 

Creation of nanostructures in solution/dispersion  

Another way to get a better control over morphological organization of the photoactive layers, such 
as P3HT/PCBM, is to form desirable (nano)structures, such as crystalline P3HT nanowires, in 
solution (dispersion) prior to the active layer deposition. Two approaches to cause P3HT 
crystallization have been tried in this project (see Chapter 6): one (a so-called solvatochromic 
approach) is based on using mixed solvents (i.e. adding an excess of a poor solvent to a solution of 
P3HT in a good solvent) and the other (thermochromic) approach is based on preparing a 
saturated solution of P3HT at elevated temperature and then cooling it down to room temperature. 
Both approaches have resulted in formation of crystalline P3HT nanowires, as confirmed by UV-Vis 
spectroscopy and microscopy techniques (TEM and AFM). To avoid a large excess of solvents 
required in the solvatochromic approach, it is preferable to focus on the thermochromic approach.  

Though these first results to form P3HT crystals in solution were promising, the amount of the 
obtained P3HT nanowires was relatively low and formation of an undesirable precipitate was often 
observed. In case of thermochromic approach, the precipitate was most probably formed due to too 
rapid cooling of the saturated solutions (see Section 6.5). This research should be continued to find 
out how to prevent the precipitate formation, increase the yield of crystalline P3HT nanowires and 
make their practical applications in solar cell devices possible. To achieve this, the phase 
behaviour of P3HT and P3HT/PCBM in different solvents (or mixtures of solvents) should first be 
investigated as a function of temperature, concentration, molecular weight distribution and 
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regioregularity of P3HT, and the ratio between P3HT and PCBM. These data can be used to 
establish phase diagrams and to define specific pathways of forming nanostructures, such as P3HT 
nanowires, in different solvents. 

 

Information accessible with electron tomography in photoactive layers 

In this project, electron tomography has proved to be very useful to study the vertical distribution of 
crystalline P3HT nanowires in the P3HT/PCBM films. However, the rather poor contrast between 
P3HT and PCBM made it difficult to accurately segment the 3D datasets of P3HT/PCBM and thus 
limited the quantitative information that could be extracted from the electron tomography data. To 
make segmentation and hence a more elaborate quantification of P3HT/PCBM datasets possible, 
one could look into the possibilities that imaging filters offer, e.g. the median or smoothing filters for 
reducing noise, Laplacian (or differencing) operator for edge enhancing, Sobel or Kirsch transform 
for edge finding/detection, etc. The other approach would be to apply an alternative reconstruction 
method, viz. discrete tomography, where the data are segmented in-situ during reconstruction (see 
Section 5.7).  

The 3D datasets that could be straightforwardly segmented and quantified in great detail in this 
project were obtained from the photoactive layers of hybrid solar cells composed of P3HT and ZnO 
that give a high contrast in TEM. The nanoscale 3D morphology of P3HT/ZnO layers could be 
statistically analyzed for percolation pathways and for the scale of phase separation (by quantifying 
spherical contact distances). This quantitative analysis enabled differentiating between charge 
generation and charge transport as limiting factors to the device performance (see Chapter 7). 

 

Cross-sections of complete devices 

The best approach to study the percolation pathways and the contacts of the photoactive layer with 
the electrodes would be by analysing with electron tomography the (as thick as possible) cross-
sections of complete devices prepared by focused ion beam (FIB) (see discussion in Section 7.2). 
By using cross-sections, the percolation pathways are least vulnerable to the artefacts due to the 
missing wedge. Recent studies have shown that micrometers thick specimens can be investigated 
by electron tomography applied in the low-convergence angle STEM mode with resolution of few 
nanometres in all three dimensions. It would be most interesting to apply this technique to 
micrometers thick cross-sections of photoactive layers.  

 

To sum up, promising first results have been obtained to characterize the 3D nanoscale 
morphology of photoactive layers by electron tomography and to clarify the relationships between 
the 3D morphology and performance of the bulk-heterojunction PSCs. In particular, composition 
gradients through the layer thickness have been identified as crucial for high efficiency of the 
corresponding devices. The possibilities and limitations (largely due to the poor contrast between 
carbon-based materials in TEM) of electron tomography have been identified as discussed above 
and some suggestions have been made on how these limitations can be tackled. Next, the control 
over the morphology formation of photoactive layers should be further improved, for instance by 
depositing the photoactive layer in steps and/or by forming the desired nanostructures already in 
solution prior to film deposition. With a better understanding (facilitated by electron tomography) of 
how the 3D morphology of photoactive layers affects the device performance and with an improved 
control over the 3D morphology formation, bulk-heterojunction PSCs will eventually come closer to 
the stage of practical efficient devices.  
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3D Morphology of Photoactive Layers of Polymer Solar Cells 

Summary 

Nanostructured polymer solar cells (PSCs) have emerged as a promising low-cost alternative to 

conventional silicon-based photovoltaic devices. Since PSCs can be fabricated by processing 

polymers, eventually together with other organic materials, from solution and depositing them onto 

different types of substrates by roll-to-roll production processes, they offer important advantages 

over their inorganic counterparts due to easy and fast processing and low cost of fabrication. 

Despite the progress made in this field, PSCs are still in the early research and development stage. 

For PSCs to become practical efficient devices, several issues need to be addressed, including 

further understanding of their operation and stability and better control of the morphology formation, 

mainly morphology of the photoactive layer, which directly determines the performance of PSC 

devices.  

Photoactive layers of PSCs are ultra-thin films (200-250 nm at maximum) composed of a 

mixture of electron donor and electron acceptor materials. Both the processing conditions of 

donor/acceptor mixtures from solution and eventual postproduction treatments like thermal 

annealing have a large influence on the performance of PSCs, because they strongly affect the 

scale of phase separation (which should ideally be in the range of ~10 nm for efficient exciton 

dissociation), distribution of phases through the thickness of the layer (which largely determines 

free charges transport to the electrodes) and eventual crystalline order (beneficial for higher 

mobility of free charges).  

The research described in this thesis focuses on the relationship between 3D nanoscale 

morphology organization of photoactive layers and the performance of corresponding PSC devices, 

with the aim to identify the critical morphology parameters contributing to high power conversion 

efficiency of PSCs. For comprehensive 3D morphology characterization, the technique of electron 

tomography (or transmission electron microtomography) was intensively applied, among other 

techniques. In electron tomography, a series of 2D projections taken from a specimen tilted inside a 

transmission electron microscope (TEM) is used to reconstruct a 3D image of the specimen with a 

nanometer-scale resolution. This 3D image can then be used, voxel by voxel, to study in detail the 

specimen’s morphological organization. The general principles of electron tomography are 

introduced in Chapter 2, as well as the most important aspects of this technique specific for 

polymer-based films such as photoactive layers of PSCs.  

The first applications of electron tomography to photoactive layers of PSCs (described in 

Chapter 3) showed that the existence of 3D nanoscale networks of donor and acceptor 

components is indispensable for efficient PSC devices. Such networks ensure effective exciton 

dissociation at the donor/acceptor interface and effective charge carrier transport from any place in 

the photoactive layer to the electrodes. It has long been speculated that the volume of photoactive 

layers should consist of bi-continuous nanoscale interpenetrating networks of the donor and 

acceptor materials but it was for the first time that such networks were observed directly with 

nanometre resolution.  

The most efficient up to now PSC system, viz. the one based on combination of regioregular 

poly(3-hexylthiophene) (P3HT) as the electron donor and the fullerene derivative (PCBM) as the 

electron acceptor material, has been studied with electron tomography in more detail (see Chapters 

4 and 5). Electron tomography has proved indispensable to quantify with high accuracy the amount 

of crystalline P3HT nanowires in (annealed) P3HT/PCBM layers through the whole layer thickness; 
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information that was inaccessible before. It was found that the most crucial parameters for 

performance of P3HT/PCBM solar cells are the high overall crystallinity of P3HT and the 

enrichment of crystalline P3HT closer to the positive (hole collecting) electrode. This enrichment 

ensures that the percolation pathways within the P3HT and PCBM phases leading to the 

corresponding electrodes are more effective and that the possibilities of charge recombination are 

limited, while higher overall crystallinity of P3HT ensures higher mobility of holes (that have in this 

system intrinsically lower mobility than electrons). 

Different types of vertical distribution of crystalline P3HT in P3HT/PCBM layers prepared on the 

same (PEDOT:PSS) substrate were observed by electron tomography in this project, viz. more 

crystalline P3HT next to the positive electrode, more crystalline P3HT next to the negative 

electrode and a homogeneous distribution of P3HT through the layer thickness (see e.g. Section 

4.7). Previous studies suggested that PCBM was preferentially concentrated next to the positive 

electrode in the P3HT/PCBM films and P3HT next to the negative electrode and that the reason for 

this is the high surface energy of the PEDOT:PSS layer. Our observations do not support this 

hypothesis and dismiss the key role of the underlying substrate’s surface energy. Instead, the 

existence and type of composition gradients through the thickness of the active layer was found to 

be largely determined by the molecular weight distribution and regioregularity of P3HT (and 

possibly by impurities present in both P3HT and PCBM) and by kinetic aspects of film formation 

due to different solution viscosity, different time it takes for the solvent to evaporate and eventual 

differences in local solvent concentration. All these aspects have an impact on formation of nuclei 

and subsequent growth and distribution of (nano)crystals throughout the photoactive layer. 

What limits the application of electron tomography in photoactive layers of PSCs is the (often) 

rather poor contrast observed in TEM between the carbon-based donor and acceptor materials. 

The poor contrast complicates the segmentation of 3D datasets and thus limits the quantitative 

information that can be extracted from the electron tomography datasets. Sometimes the contrast 

in carbon-based (nano)crystalline specimens can be improved by applying HAADF-STEM (high-

angle annular dark field scanning TEM) imaging mode instead of conventional bright-filed TEM 

mode, as we have observed in MDMO-PPV/PCBM system (see Chapter 3). To make it possible to 

segment and hence elaborately quantify the P3HT/PCBM and other datasets, one could also look 

into the possibilities that imaging filters offer, e.g. the median or smoothing filters for reducing 

noise, Laplacian (or differencing) operator for edge enhancing, Sobel or Kirsch transform for edge 

finding/detection, etc. The other approach would be to apply an alternative reconstruction method 

(instead of SIRT used in this project), viz. discrete tomography (DART) where the data are 

segmented in-situ during reconstruction.  

The 3D datasets that could be straightforwardly segmented and quantified in great detail were 

obtained from the photoactive layers of hybrid solar cells composed of P3HT and ZnO that give a 

high contrast in TEM. The nanoscale 3D morphology of P3HT/ZnO layers could be statistically 

analyzed for percolation pathways and for the scale of phase separation (by quantifying spherical 

contact distances). This quantitative analysis enabled differentiating between charge generation 

and charge transport as limiting factors to the device performance (see Chapter 7). 

It was also observed that the control over morphological organization of the photoactive layers 

is difficult to achieve by spontaneous morphology formation during film deposition from solution, 

especially in case of thicker films, as described in Chapter 4. A way to get a better control is to form 

desirable nanostructures, such as crystalline P3HT nanowires, in solution (dispersion) prior to the 

active layer deposition. Two approaches to cause P3HT crystallization have been tried in this 

project (see Chapter 6): one (a so-called solvatochromic approach) is based on using mixed 
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solvents (i.e. adding an excess of a poor solvent to a solution of P3HT in a good solvent) and the 

other (thermochromic) approach is based on preparing a saturated solution of P3HT at elevated 

temperature and then cooling it down to room temperature. Both approaches have resulted in 

formation of crystalline P3HT nanowires, as confirmed by UV-Vis spectroscopy and microscopy 

techniques (TEM and AFM). However, the amount of the obtained P3HT nanowires was relatively 

low and formation of an undesirable precipitate was often observed. In case of the thermochromic 

approach, the precipitate was most probably formed due to too rapid cooling of the saturated 

solutions. This research should be further continued to find out how to prevent the precipitate 

formation, increase the yield of crystalline P3HT nanowires and make their practical applications in 

solar cell devices possible.  

With a better understanding (facilitated by electron tomography) of how the 3D morphology of 

photoactive layers affects the device performance and with an improved control over the 3D 

morphology formation, bulk-heterojunction PSCs will eventually come closer to the stage of 

practical efficient devices.  
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Трехмерная морфология фотоактивных слоев  

полимерных солнечных элементов 

Резюме 

Наноструктурированные полимерные солнечные элементы (ПСЭ) представляются 

экономически выгодной альтернативой для традиционных солнечных элементов, сделанных 

из неорганических материалов, таких как кремний. В отличие от неорганических элементов, 

ПСЭ могут производиться простым и быстрым способом посредством растворения 

полимеров (иногда в сочетании с другими органическими материалами) в органических 

растворителях с последующим их нанесением на различные подложки в процессе подобном 

печатному. Несмотря на то, что определенный прогресс в этой области уже достигнут, ПСЭ 

все еще находятся на стадии разработки. Прежде чем ПСЭ смогут широко применятся на 

практике, необходимо разрешить ряд фундаментальных вопросов. Необходимо выделить 

факторы, определяющие  функционирование и стабильность этих элементов, и улучшить 

контроль над образованием морфологии, в первую очередь морфологии фотоактивного 

слоя, которая напрямую определяет эффективность ПСЭ. 

Фотоактивные слои ПСЭ являются ультратонкими (толщиной максимум 200-250 

нанометров) пленками, образованными из двух материалов, один из которых служит 

электронным донором, другой – электронным акцептором. Как условия образования 

фотоактивного слоя из раствора, содержащего донор и акцептор, так и последующая 

обработка уже сформированного слоя (например, под воздействием повышенной 

температуры) оказывают большое влияние на эффективность ПСЭ, поскольку эти факторы в 

значительной степени определяют размер образующихся фаз донора и акцептора, их 

распределение по толщине фотоактивного слоя и степень кристалличности донора и/или 

акцептора. Для высокой эффективности ПСЭ фазы донора и акцептора, с одной стороны, не 

должны превышать порядка 10 нанометров (условие необходимое для эффективной 

диссоциации экситонов), а с другой стороны, они дожны проходить через всю толщину 

фотоактивного слоя порядка 200 нанометров (условие необходимое для эффективного 

переноса свободных зарядов к электродам). Высокая кристалличность, предпочтительно 

обоих материалов, обеспечивает высокую мобильность свободных зарядов, образующихся 

при диссоциации экситонов.  

В этой диссертации описаны результаты исследований, направленных на изучение 

взаимосвязи между трехмерной наноморфологией фотоактивных слоев и эффективностью 

ПСЭ. Основной целью данного исследования являлось определение критических 

параметров морфологии, способствующих максимальному повышению эффективности 

полимерных солнечных элементов. Для полного и детального изучения трехмерной 

морфологии был применен метод электронной томографии, или просвечивающей 

электронной микротомографии. В этом методе серия двухмерных проекций, полученных при 

различных углах наклона образца внутри просвечивающего электронного микроскопа (ПЭМ), 

используется для реконструкции трехмерной структуры образца с нанометровым 

разрешением. Общие принципы электронной томографии и специфические аспекты этого 

метода, характерные для исследований полимерных пленок (таких как фотоактивные слои 

ПСЭ), описаны в Главе 2.  

Применение электронной томографии к фотоактивным слоям ПСЭ (представленное в 

Главе 3) показало, что высокая эффективность ПСЭ невозможна без существования 
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трехмерных сетей донора и акцептора, состоящих из длинных (десятки - сотни нанометров) 

и сравнительно тонких (порядка нескольких нанометров в поперечном сечении) элементов. 

Такие сети обеспечивают эффективную диссоциацию экситонов на границе раздела между 

донором и акцептором и способствуют эффективному транспорту зарядов, образующихся 

при диссоциации экситонов, из любой точки внутри фотоактивного слоя к соответствующим 

электродам. Предположение о существовании таких взаимопроникающих сетей донора и 

акцептора уже неоднократно высказывалось в научной литературе, но только сейчас такие 

структуры были впервые экспериментально обнаружены с нанометровым разрешением.   

Наиболее эффективный на данный момент тип ПСЭ, основанный на сочетании 

региорегулярного поли-3-гексилтиофена (П3ГТ) как электронного донора и производной 

фуллерена (ПСБМ) как электронного акцептора, был детально изучен с применением 

электронной томографии (Главы 4 и 5). Химические структуры П3ГТ и ПСБМ представлены 

на Рисунке 1.2 на странице 5 данной диссертации. Метод электронной томографии позволил 

с высокой точностью определить количество нитевидных нанокристаллов П3ГТ, 

распределенных по толщине фотоактивного слоя. Наиболее критичными параметрами для 

эффективности этого типа ПСЭ были найдены высокая степень кристалличности П3ГТ и 

повышенное содержание нано-кристаллов П3ГТ в той части фотоактивного слоя, которая 

прилегает к положительному электроду. Такое распределение нанокристаллов П3ГТ и, 

соответственно, ПСБМ по толщине фотоактивного слоя обеспечивает эффективный 

транспорт свободных зарядов к соответствующим электродам.  

Нужно отметить, что различные типы вертикального распределения кристалличного 

П3ГТ были обнаружены в фотоактивных слоях П3ГТ/ПСБМ, приготовленных на одной и той 

же подложке (ПЕДОТ:ПСС), а именно: 1) обогащение П3ГТ вблизи положительного 

электрода (как только что упомянуто), 2) обогащение П3ГТ вблизи отрицательного электрода 

и 3) равномерное распределение кристалличного П3ГТ. В предыдущих исследованиях (с 

применением рентгеновской фотоэлектронной спектроскопии) было высказано 

предположение, что ПСБМ концентрируется в части слоя, прилегающей к положительному 

электроду, и что причиной этого служит высокая повехностная энергия подложки 

ПЕДОТ:ПСС. Наши наблюдения не подтверждают эту гипотезу и опровергают ключевую 

роль типа подложки при формировании морфологии фотоактивных слоев П3ГТ/ПСБМ. 

Вместо этого, тип вертикального распределения кристалличного П3ГТ (и, соответственно, 

ПСБМ) в первую очередь определяется распределением молекулярной массы полимера 

(П3ГТ) и степенью его региорегулярности, а также кинетическими аспектами формирования 

фотоактивного слоя из раствора.  

Детальный анализ данных, полученных с помощью электронной томографии, был часто 

ограничен из-за сравнительно низкого контраста между углеродсодержащими компонентами 

фотоактивных слоев (такими как П3ГТ и ПСБМ). Низкий контраст затрудняет сегментацию 

трехмерных наборов данных (т.е. определение, к какому именно компоненту относится 

каждый объемный пиксель) и, таким образом, ограничивает их количественных анализ. В 

некоторых случаях контраст в углеродсодеражащих образцах мог быть улучшен 

применением альтернативных методов (таких как HAADF-STEM) визуализации в ПЭМе 

вместо стандартного (bright-field) метода визуализации. Другой способ сегментации 

трехмерных наборов данных заключается в применении фильтров визуализации для 

улучшения котраста данных, уменьшения шума и т.п. Однако, их применение должно 

происходить с большой осторожностью, поскольку они легко приводят к артефактам. Еще 

одна возможность сегментирования низкоконтрастных наборов данных состоит в 
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использовании альтернативного метода дискретной томографии (DART) для трехмерной 

реконструкции вместо широко использовавшегося в данном проекте итеративного метода 

SIRT. Метод дискретной томографии позволяет проводить сегментацию данных в процессе 

реконструкции, а не после нее, как в случае итеративного метода.  

Трехмерные наборы данных, которые смогли быть просегментированы с высокой 

точностью и затем детально проанализированы, были получены с фотоактивных слоев 

гибридных ПСЭ, состоящих из уже упоминавшегося полимера П3ГТ (как донора) и оксида 

цинка (как акцептора). Сегментирование оказалось возможным в данном случае благодаря 

большой разнице в плотности этих двух компонентов, приводящей к сильному контрасту в 

ПЭМе. Как описано в Главе 7, трехмерная наноморфология фотоактивных слоев П3ГТ/ZnO 

была статистически проанализирована на предмет траекторий, по которым происходит 

перенос зарядов через П3ГТ и ZnO, и на предмет распределения размеров фаз П3ГТ и ZnO 

по всему объему слоя.  

Контролировать образование морфологии фотоактивных слоев при их спонтанном 

формировании после нанесения раствора на подложку довольно сложно, особенно в случае 

менее тонких слоев (см. результаты, представленные в Главе 4). Контроль над 

образованием морфологии может быть улучшен, если способствующие высокой 

эффективности ПСЭ наноструктуры, такие как нитевидные кристаллы П3ГТ, заранее 

сформированы в растворе перед его нанесением. В Главе 6 описаны результаты 

применения двух методов получения кристаллов П3ГТ в растворе: солватохроматичного 

метода, основанного на использовании смеси растворителей (а именно добавлении избытка 

«плохого» растворителя к раствору П3ГТ в «хорошем» растворителе), и термохромического 

метода, заключающегося в охлаждении высококонцентрированных растворов П3ГТ, 

приготовленных при повышенной температуре. Оба способа привели к образованию 

кристаллов П3ГТ, что было подтверждено различными методами спектроскопии и 

микроскопии. Однако, количество образованных кристаллов было довольно низким, и, кроме 

того, часто образовывался нежелательный (по большей части аморфный) осадок, состоящий 

из П3ГТ. В случае термохромического способа, осадок, скорее всего, был результатом 

слишком быстрого охлаждения растворов. Эти исследования должны быть продолжены, 

чтобы установить, как избежать образования осадка, увеличить количество нитевидных 

нано-кристаллов П3ГТ в растворе и применить их на практике для получения 

высокоэффективных ПСЭ.  

 В заключение, расширенное и углубленное понимание (благодаря применению 

электронной томографии) взаимосвязи трехмерной морфологии фотоактивных слоев и 

эффективности ПСЭ, а также более эффективный контроль над образованием такой 

морфологии делают возможным будущее широкое применение полимерных солнечных 

элементов.  
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De 3D morfologie van fotoactieve lagen in polymeren zonnecellen 

Samenvatting 

Nanogestructureerde polymeren zonnecellen (PZC) zijn een veelbelovend goedkoop alternatief 

voor de conventionele zonnecellen die op anorganische materialen, zoals silicium, gebaseerd zijn. 

In tegenstelling tot anorganische zonnecellen, kunnen PZC relatief eenvoudig, snel en goedkoop 

vervaardigd worden door de polymeren, eventueel samen met andere organische componenten, 

vanuit oplossing te verwerken en ze op verschillende substraten aan te brengen via het ‘roll-to-roll’ 

procedé. Ondanks grote vorderingen in het veld, zijn PZC nog steeds in het begin van hun 

ontwikkelingsfase. Voordat PZC op grote schaal toepasbaar kunnen worden, moeten eerst een 

aantal tekortkomingen aangepakt worden, zoals het relatief lage rendement en de beperkte 

stabiliteit van PZC. Om dit te bereiken, is het noodzakelijk om o.a. een betere controle te hebben 

op de vorming van de morfologie van PZC en dan vooral de morfologie van de fotoactieve laag. 

Deze bepaalt namelijk in sterke mate de werking van de polymeren zonnecel. 

De fotoactieve laag van PZC is een ultradunne film (maximaal 200 à 250 nm) die bestaat uit 

twee materialen: een elektrondonor en een elektronacceptor. Zowel de procescondities van het 

aanbrengen van deze laag vanuit oplossing als eventuele vervolgstappen, zoals een 

warmtebehandeling (zogenaamde thermische annealing), hebben een grote invloed op de werking 

van PZC. Beide bepalen de schaal van fasescheiding (idealiter rond 10 nm voor de optimale 

excitondissociatie), fasedistributie door de laagdikte (bepalend voor het transport van vrije ladingen 

richting de elektroden) en, afhankelijk van de gekozen materialen, de mate van kristalliniteit (die 

zorgt voor een hogere mobiliteit van de ladingen). 

Het onderzoek beschreven in dit proefschrift legt de nadruk op de relatie tussen de 3D 

morfologie op de nanoschaal van de fotoactieve lagen enerzijds en het rendement van de 

resulterende polymeren zonnecellen anderzijds. Het uiteindelijke doel is om de kritieke parameters, 

die de morfologie bepalen en daarmee voor een hoog rendement zorgen, vast te stellen. Om een 

goed beeld te krijgen van de morfologie in drie dimensies, is o.a. de techniek van 

elektronentomografie (ook wel transmissie elektronenmicrotomografie genoemd) uitvoerig gebruikt. 

Met deze techniek wordt van een preparaat een reeks 2D projecties afgebeeld met een transmissie 

elektronenmicroscoop (TEM) onder telkens een andere hoek. Vervolgens wordt van deze reeks 

beelden een 3D afbeelding met nanometer resolutie terugberekend. Deze afbeelding kan dan voxel 

voor voxel gebruikt worden om de morfologie van het preparaat in detail te bestuderen. Het 

principe van elektronentomografie wordt behandeld in Hoofdstuk 2, samen met de belangrijkste 

aspecten van deze techniek toegespitst op polymeren dunne lagen, zoals de fotoactieve lagen in 

PZC. 

De eerste toepassingen van elektronentomografie op fotoactieve lagen van PZC (Hoofdstuk 3) 

laten het belang zien dat de structuur van donor en acceptor componenten uit een 3D netwerk op 

nanoschaal bestaat om een efficiënte polymeren zonnecel te maken. Zulke netwerken zorgen voor 

een effectieve dissociatie van excitonen op het grensvlak tussen donor en acceptor en voor een 

goed ladingstransport van waar dan ook in de film tot aan de elektroden. Men heeft lang 

gespeculeerd dat de fotoactieve laag moet bestaan uit twee continue inter-penetrerende netwerken 

van donor en acceptor, maar het is voor het eerst dat zulke netwerken direct zijn aangetoond met 

nanometer resolutie. 

De op het moment beste PZC, gebaseerd op regioregulaire poly(3-hexylthiofeen) (P3HT) als 

elektrondonor en een fullereen derivaat (PCBM) als elektronacceptor, is in meer detail bestudeerd 
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met behulp van elektronentomografie (Hoofdstukken 4 en 5). Elektronentomografie bleek 

essentieel te zijn om nauwkeurig de hoeveelheid kristallijne P3HT nanodraden in P3HT/PCBM 

lagen over de gehele dikte te kwantificeren. Dit was nog niet eerder mogelijk. We hebben ook 

gevonden dat het rendement vooral afhangt van een hoge kristalliniteit van P3HT en een verrijking 

van kristallijn P3HT dicht bij de positieve elektrode. Deze verrijking zorgt ervoor dat de 

percolatiepaden in de P3HT en PCBM fasen naar de betreffende elektroden effectiever zijn en 

daarmee voor een kleinere kans dat vrije ladingen weer recombineren. De hogere kristalliniteit van 

P3HT verhoogt de mobiliteit van de gaten, welke in dit specifieke systeem intrinsiek lager ligt dan 

die van de elektronen. 

In dit project zijn verschillende verticale distributies van kristallijn P3HT in P3HT/PCBM lagen, 

die gemaakt zijn op identieke (PEDOT:PSS) substraten, gevonden met elektronentomografie. 

Zowel meer kristallijn P3HT dicht bij de positieve elektrode of juist meer bij de negatieve elektrode 

of een homogene distributie van P3HT door de gehele laagdikte is waargenomen (zie bijv. Sectie 

4.7). Eerdere studies wezen erop dat PCBM bij voorkeur geconcentreerd is dichtbij de positieve 

elektrode en P3HT bij de negatieve. De oorzaak zou de hoge oppervlakte-energie van de 

PEDOT:PSS laag zijn. Onze observaties spreken deze hypothese tegen en ontkrachten de 

sleutelrol van de oppervlakte-energie van het onderliggende substraat. In plaats daarvan lijkt de 

verticale distributie van (kristallijn) P3HT vooral bepaald te worden door het moleculair gewicht en 

regioregulariteit van P3HT (en mogelijk nog door de aanwezigheid van verontreinigingen in zowel 

P3HT als PCBM) en door de kinetische aspecten van de filmvorming door verschillen in de 

viscositeit van de oplossing, verschillende verdampingssnelheden van het oplosmiddel en 

mogelijke locale concentratieverschillen van het oplosmiddel. Al deze aspecten hebben een effect 

op de kiemvorming en de verdere groei en distributie van (nano)kristallen in de fotoactieve laag. 

De toepassing van elektronentomografie in het onderzoek naar fotoactieve lagen wordt 

gelimiteerd door het (vaak) matige contrast in TEM tussen de koolstofgebaseerde donor en 

acceptor. Dit matige contrast bemoeilijkt het segmenteren van de 3D datasets en daarmee de 

mogelijkheid om de gegevens te kwantificeren. Soms kan het contrast in (nano)kristallijne 

materialen verbeterd worden door gebruik van de HAADF-STEM modus (high-angle annular dark 

field scanning TEM, letterlijk: hoge-hoek ringvormig donkerveld raster TEM) in plaats van de 

conventionele lichtveld TEM modus, zoals bijvoorbeeld bij MDMO-PPV/PCBM (Hoofdstuk 3). Om 

het segmenteren en daarmee nauwkeurig kwantificeren van bijv. P3HT/PCBM mogelijk te maken, 

zou ook gebruik gemaakt kunnen worden van beeldbewerking (zogenaamde imaging filters). Een 

andere aanpak is om alternatieve reconstructie-algoritmes (anders dan de in dit project gebruikte 

SIRT) toe te passen, zoals discrete tomografie (DART) waar de gegevens in situ worden 

gesegmenteerd, dus tijdens de reconstructie. 

De 3D datasets die direct goed te segmenteren en te kwantificeren waren, kwamen van 

fotoactieve lagen uit hybride polymeren zonnecellen bestaande uit P3HT en ZnO, die een hoog 

contrast geven in TEM. De 3D morfologie van P3HT/ZnO op nanoschaal kon statistisch 

geanalyseerd worden op percolatiepaden en op mate van fasescheiding (door sferische 

contactafstanden te bepalen). Deze kwantitatieve analyse maakte het mogelijk om onderscheid te 

maken tussen ladingsvorming en ladingstransport als beperkende factoren in de werking van een 

zonnecel (Hoofdstuk 7). 

Het bleek moeilijk te zijn om de morfologie van de fotoactieve lagen te controleren bij spontane 

vorming gedurende film depositie vanuit oplossing, vooral bij dikkere films, zoals beschreven in 

Hoofdstuk 4. Een mogelijkheid om een betere controle te krijgen, is om de gewenste 

nanostructuren, zoals kristallijne P3HT nanodraden, al in oplossing (dispersie) te laten vormen 
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alvorens de actieve laag aan te brengen. Daartoe zijn twee alternatieven geprobeerd in dit project 

(Hoofdstuk 6). Eén methode (de zogenaamde solvatochrome aanpak) gaat uit van twee 

oplosmiddelen, waarbij een overmaat van een slecht oplosmiddel voor P3HT wordt toegevoegd 

aan een oplossing van P3HT in een goed oplosmiddel. De andere (thermochrome) aanpak bestaat 

uit het maken van een verzadigde oplossing bij verhoogde temperatuur en deze vervolgens te 

koelen. Beide methoden leidden inderdaad tot de vorming van kristallijne P3HT nanodraden in het 

oplosmiddel, zoals bevestigd met UV-VIS spectroscopie en microscopie (TEM en AFM). Echter, de 

verkregen hoeveelheid P3HT nanodraden was relatief laag. Daarnaast werd vaak een ongewenst 

(grotendeels amorf) precipitaat gevormd. Bij de thermochrome methode was dit precipitaat 

waarschijnlijk gevormd doordat er te snel gekoeld werd. Vervolgonderzoek is nodig om de vorming 

van dit precipitaat te voorkomen, zodat de opbrengst van de gewenste P3HT nanodraden 

gemaximaliseerd wordt.  

Door een beter begrip (grotendeels door het gebruik van elektronentomografie) van de 

wisselwerking tussen de 3D morfologie van de fotoactieve lagen en de werking van polymeren 

zonnecellen, en met een betere controle op de vorming van deze morfologie komen PZC steeds 

dichter bij praktische toepassingen. 
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