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Chapter 1 

An introduction to solution-processed 

solar cells

 
 

 

 

Abstract 

To put this thesis into present-day context this chapter starts with an introduction to 

solar energy, an economical view on solar energy, and the unexpected benefits of research on 

innovative solar cell technologies. Following that, the working principles of solution-

processed, thin-film solar cells are discussed briefly. The aim is not to give a thorough 

scientific description, but rather a description on a level that is – for most part – 

understandable for readers with a general scientific background. The second half of this 

chapter follows the title of this thesis. The sections on droplets, fibers, and crystals show the 

wide variety of possible solar cell nanostructures. Some of the complex links between solution 

processing, nanostructure and solar cell performance are addressed, as they are the 

fundamental theme of this thesis. By increasing our understanding of solar cell fabrication 

processes we seek to gain control over the solar cell nanostructure. In turn, this allows us to 

optimize the solar cell performance. 
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1.1 Why do we investigate solar energy conversion? 

There are many possible answers to the question “Why do we investigate 
solar energy conversion?” But first, why would we want to use solar energy at all? 
Incredible amounts of energy reach Earth in the form of sunlight continuously. In 
fact, the energy from the Sun is responsible for most forms of energy that we use: 
fossil fuels are plants, grown by sunlight millions of years ago. Wind is generated 
by temperature differences induced by uneven solar heating. Hydropower needs 
rain, for which the Sun is responsible as it delivers the energy for water evaporation. 
Moreover, the energy contained in the sunlight that hits Earth in one hour is similar 
to the energy consumption of all humans in one year.1  

Thus, solar energy is an important source of renewable energy. There is a 
global need for renewable energy to decrease our dependency on fossil fuels. Air 
pollution, such as sulfur dioxide, nitrogen oxides, and particulate matter, is 
associated with energy production from fossil fuels.2 Reducing fossil fuel use will 
also help to mitigate climate change, a goal which has been confirmed by all world 
leaders in November 2015.3 In addition, our energy supply now depends on 
uncertain factors such as oil price4 and the geographical distribution of fossil fuels 
(“geopolitics”).5,6 In contrast with energy from fossil fuels, solar energy can be 
generated locally, and once solar panels are installed the produced energy is 
practically free.  

The rapid cost reductions of solar panels have exceeded expectations. As such, 
grid parity has been achieved for rooftop-mounted solar panels in Germany7 and 
The Netherlands,8 and will probably be achieved in the United Kingdom in 2016.9 
Additionally, large-scale systems in parts of the United States have also reached grid 
parity already.10 In this sense, grid parity means that domestic consumers pay less 
for solar energy from their own roof than the retail electricity price, which includes 
taxes. Nevertheless, there is room for improvement, because the price of electricity 
generated by solar panels is still higher than the price of electricity from coal and 
nuclear power plants. As shown in Figure 1.01, the past costs reductions originate 
mainly in the economy of scale, which dictates that prices decrease for an increased 
cumulative production.7,9 These cost reductions are expected to continue in the 
future. Even though scenarios for the future energy markets differ widely, all of 
them predict a rapid growth of the solar energy market for the upcoming 
decades.11,12 Harder to predict are the potential cost reductions that can be achieved 
by innovative and new technologies. 
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Figure 1.01. The module price of silicon solar panels is 50× lower than in the 1980’s. This is mainly due 
to an economy of scale, with a price reduction of ~20% for every doubling of installed capacity. Data 
source: ref. 7. 

An example of this unpredictability is encountered in the field of organic solar 
cells. Organic solar cells are often introduced as a promising technology due to the 
low fabrication costs.13,14 This has been substantiated by extensive costs analyses,15 
which show that the cost per Watt-peak (€/Wp) depends heavily on the efficiency of 
the solar cells, as well as on the scale of production. However, even in large-scale 
scenarios the production costs range from 0.05 to 0.6 €/Wp.15 For comparison, the 
price of silicon solar panels had already reached 0.5 €/Wp in 2014.7 Furthermore, the 
fabrication costs of these silicon solar panels is less than 50% of the total system 
costs.7,16 The rest of the system costs contain an inverter, wiring, and racking, the 
labor cost for installation, and the land use.16 It can be predicted that organic solar 
cells are cheaper to install,17 but it is recognized that the costs associated with land 
use will be higher due to the lower efficiency of organic solar cells (current record 
13.2%)18 versus silicon (25.6%).19 Also, the lower expected lifetime of organic solar 
cells limits their potential for total system cost reductions.  

The preceding paragraph may sound inimical to organic solar cell research. 
On the contrary, I believe that organic solar cells still have a huge potential in niche-
markets like semitransparent solar cells for window integration,20,21 flexible solar 
cells for use in consumer products,22 and colorful solar cells for use in the built 
environment.23 Moreover, this present-day context could not be predicted in the 
early days of organic solar cells. When the first organic solar cell was published in 
1986,24 silicon solar cells were still very expensive, and the achievable efficiency, 
lifetime, and production costs for their organic counterparts were unknown. But 
most importantly: by the intensive research efforts on organic solar cells a huge 
amount of scientific and practical knowledge has been generated about flexible and 
organic electronic devices, which can be used in other, related applications. One of 
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the most prominent example is the recent development of phone displays and 
televisions based on organic light emitting diodes (OLEDs).25 

This existing knowledge has also been very beneficial in the development of 
organometal halide perovskite solar cells.26 The recent use of perovskite 
semiconductors stems from research on dye-sensitized solar cells, with the initial 
publication of a 3.8% efficient solar cell in 2009.27 It was soon discovered that the use 
of these organometal halide perovskites in solid-state solar cells had a huge 
potential, with efficiencies reaching 10% in 2012.28,29 The rapid increase in efficiency 
up to the current record of 20.8% (published)30 or 22.1% (unpublished)19 could not 
have been achieved without the existing knowledge in the field of dye-sensitized 
solar cells. But also knowledge from the organic solar cells is now widely applied to 
perovskites. For example, devices architectures which allow low-temperature 
processing31 and the use of organic interlayers32 have made it possible to fabricate 
flexible perovskite solar cells.33,34 This view is schematically illustrated in Figure 1.02. 

research on:

organic solar cells

dye-sensitized solar cells

cheaper solar energy

scientific knowledge

practical experience

proficient & educated people

chance of a “lucky” invention perovskite solar cells

?acceler
ated

develop
ment

niche applications

colorful, flexible & semi-transparant solar panels

contributions to related fields (e.g. OLED displays)

 
Figure 1.02. The benefits of research on new solar cell technologies. Even though the initial “goal” is not 
achieved, the side goals (which are by themselves worthwhile) pay off. 

Figure 1.03 illustrates the development of record solar cell efficiencies in the 
discussed research areas. From an economical viewpoint, it may have seemed that 
research efforts in organic and dye-sensitized solar cells did not pay off, as after more 
than a decade the efficiencies were still below the efficiency of ~15% required for 
widespread application. Additionally, the majority of fabricated solar cells performs 
much lower than these record efficiencies as shown by a meta-analysis of published 
data of 10533 organic solar cells.35 However, research in these fields has paved the 
way for the sudden appearance of perovskite solar cells. These organometal halide 
perovskites combine advantages of silicon (high efficiency) with organic solar cells 
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(solution-processable, flexible, cheap materials), and as such have a huge market 
potential. 

 
Figure 1.03. Record solar cell efficiencies. Mainly based on ref. 19, with additional references.28,36 

The remainder of this chapter provides a brief introduction to the solar cell 
research in this thesis. First, I will discuss the general technology used in all solar 
cells in this thesis and outline the aim of this thesis. Then, following the title of the 
thesis, the fundamental knowledge gained by studying droplets will be addressed. 
This will be followed with a discussion on the more-efficient fiber-like 
nanostructures in organic solar cells. Finally, the perovskite crystals are shortly 
discussed in the last section. 

1.2 An introduction to solar cells 

Solar panels are usually relatively thin but with a large surface area. This 
makes sense because they need to capture as much sunlight as possible (large area) 
with as little material as possible (thin panels) to reduce the material costs. Because 
of the indirect bandgap, the absorption coefficient of silicon solar cells is relatively 
low,37 and the solar cells have to be relatively thick to absorb all the solar energy. 
One of the main advantages of the thin-film solar cells in this thesis is their high 
absorption coefficient, which is about twenty times higher than that of silicon in 
most of the visible part of the solar spectrum (see Figure 1.04). This means we can 
make these solar cells much thinner than silicon solar cells. As such, all solar cells in 
this thesis consist of thin layers of < 1 µm thickness (100× thinner than a human hair). 
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Figure 1.04. The solar spectrum (AM1.5G, right axis) and the absorption coefficient (left axis) for three 
photoactive materials. Silicon data from ref. 37 and perovskite (CH3NH3PbI3) data from ref. 38. The 
polymer:fullerene blend PDPP5T:[70]PCBM has been measured as detailed in Chapter 2. 

Up to here I focused on the active layer of solar cells. The active layer is the 
most important layer of a solar cell, as that layer absorbs the light and converts the 
photons (“light particles”) into electrons and holes* (“electricity-carriers”).† 
However, solar cells need more layers. To put the following sections into context a 
simple view of the operating principle of thin-film solar cells is given, which explains 
the need for other layers. For an in-depth review of the opto-electronical processes 
see the review papers about organic solar cells39 and perovskites.26 

A schematic cross-section (side view) of a solar cell is shown in Figure 1.05. 
Remember that in reality the width is much larger than the thickness. All solar cells 
made by solution processing require a solid substrate. In our case, we use a glass 
plate. These glass plates are covered with a transparent layer (to let the sunlight 
through) that is also able to conduct electricity (to extract the electrical current). This 
layer is made of tin-doped indium oxide (ITO). This will be the positive (+) electrode 
of the solar cell. On top of this, we process a selective layer, then the active layer and 
then another selective layer. The device is finished with an aluminum electrode, 
which is the negative (-) electrode of the solar cell. This metal is reflective (to double 
the path of the light through the active layer), as well as conductive (to extract the 
current). The “sandwich” between selective layers is necessary to generate electrical 
current. The first (top) selective layer is tuned to collect mainly the positive charges 

                                                           
* A hole is “a place where normally an electron would be”, which can be described as a positive charge, 
because electrons are negatively charged. 
† This is a complicated process, discussed briefly in Section 1.4 (organics) and Section 1.6 (perovskites). 
For more details see the mentioned review papers ref. 39 and ref. 26. 
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(holes) from the active layer, while the bottom selective layer is tuned to collect 
mainly the negative charges (electrons) from the active layer. Ideally, when the 
sunlight is generating electrical charges in the active layer they can only escape on 
one side of the device. The selective layers also have different work functions, which 
will give rise to an electric field over the device. As such, both drift (due to the 
electric field) and diffusion (due to the selectivity) force the holes to move “upward” 
and electrons to move “downward” in Figure 1.05. Because of the opposite charge 
of holes and electrons, both constitute an electrical current in the upward direction. 
Thus, these asymmetrical charge selective layers are necessary for the generation of 
electrical current.  

 
Figure 1.05. Schematic device layout of the thin-film solar cells in this thesis. 

1.3 Aim of this thesis 

The encompassing factor for all solar cells in this thesis is that the active layer 
is made using solution processing. This means that we use a solution (or ink), which 
contains solid components dissolved in volatile solvents. This solution can be 
printed or coated onto a substrate. In the lab, we normally use a technique called 
spin coating.* In short, a droplet of ink is put on a substrate, which is then rotated at 
high speed. Due to this rotation, a thin layer is formed. When the solvents evaporate, 
the solid components remain and form the active layer of the solar cell. This active 
layer often contains more than one solid component. Upon drying, these 
components form a certain nanostructure, which is essential in determining the solar 
cell efficiency.  

The nanostructure (or morphology) of these solar cells depends on many 
factors, such as solvent type, drying rate, processing additives and the chemical 
nature of the active layer materials. As such, each new active layer material has to 
undergo extensive optimization, which is often based on trial-and-error. This time-

                                                           
* Spin coating is described in detail in Chapter 2 of this thesis. 
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consuming process does not always reach the optimal morphology which might 
cause potentially promising materials to be discarded for wrong reasons. 
Additionally, a change of processing method requires extensive re-optimization. For 
example, this is necessary when upscaling from lab-scale devices to large-scale 
fabrication methods, due to the difference in coating methods and solvent 
requirements. 

The aim of this thesis is to increase our understanding of nanostructure 
formation during solution processing, as well as the relation between nanostructure 
and solar cell efficiency. The increased understanding of the processing-
nanostructure-performance relationship should lead to a more straightforward 
optimization procedure. The goal is divided in two different objectives. Firstly, the 
simplest system that can be used as organic solar cells consists of two solid materials 
which are deposited from a single solvent. This system is used as a model system to 
understand solution processing and the formation of droplets (Chapter 2-4). 
Secondly, a method to produce higher-efficiency solar cells is to use processing 
additives. Even though processing additives are widely used, their working 
mechanism is highly debated. The mechanism by which additives control the 
nanostructure is studied in Chapter 5-6. Additionally, this thesis investigates 
alternative processing methods and materials, such as a sequential deposition 
method (Chapter 7) and the recently appeared organometal halide perovskite solar 
cells (Chapter 8).  

1.4 Droplets 

The active layer of organic solar cells contains at least two solid materials. One 
of those is an electron donor, the other an electron acceptor. The energy levels of 
these materials are sketched in Figure 1.06. In this drawing, the potential energy of 
an electron scales with the vertical position. The colored regions indicate forbidden 
energy levels. The presence of such forbidden energy levels (a band gap) is essential 
for solar cells. Light will only be absorbed if the energy of the photon is larger than 
this band gap. Furthermore, an electron donor has higher energy levels than an 
electron acceptor. This means that an electron will have a higher potential energy in 
both the energy level that is filled (highest occupied molecular orbital or HOMO) 
and the empty energy level (lowest unoccupied molecular orbital or LUMO) of the 
donor than of the acceptor.  
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Figure 1.06. A schematic view of the energy levels inside an organic semiconductor blend. The series of 
processes that lead to free charges are sketched on the right: after light absorption an exciton is 
generated, which can dissociate into free charges after moving to a donor:acceptor interface. 

When a photon is absorbed in the electron donor, an electron from the HOMO 
is excited to the LUMO level. However, due to Coulombic attraction this excited 
electron is still bound to the hole it left behind. This bound electron-hole pair is called 
an exciton. Such an exciton is electrically neutral and will not generate any electrical 
current. To be able to function as a solar cell, these excitons need to split into free 
charges. This explains why we need the electron acceptor. Because of the lower lying 
LUMO level, the electron can gain a bit of energy by moving to the acceptor, while 
the hole stays behind on the donor. Now the electron and hole are separated from 
each other (dissociated). These free charges can now move and will be collected by 
the charge selective layers to contribute to the electrical current. 

A thin film of this donor and acceptor material is made by spin coating a 
solution (or ink), which contains both these materials and a solvent. In this section 
we only use one solvent. During the evaporation of this solvent, the concentration 
of the solid materials increases. At a certain concentration, liquid-liquid phase 
separation can occur due to the differences in interaction energy between donor, 
acceptor, and solvent.40 What happens during this liquid-liquid phase separation is 
very similar to the appearance of oil droplets on water: there are two liquid 
“materials” that form two separate phases rather than staying mixed. The phase 
with the smaller volume will form droplets in a matrix of the other phase. See Figure 
1.07 for microscopy images of these droplet-containing films. 
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Figure 1.07. This figure (from Chapter 4) shows droplets of an acceptor material in an inert matrix, which 
forms a very similar nanostructure as with an actual donor material (see Chapter 3 and ref. 40). In (a) a 
transmission electron microscopy (TEM) image is shown. Panel (b) shows a 3D-reconstruction (z-axis 
not in proportion) of the surface height from atomic force microscopy (AFM). The cross-sectional TEM 
image in (c) is made by taking a very thin slice of the film. See Chapter 4 for details. 

The combination of donor and acceptor materials used in Chapter 3 and 5 
forms droplets of acceptor material inside a matrix of the donor material when 
processed from a single solvent. This is because the solvent has more favorable 
interactions with the donor material and will thus prefer to be in the donor phase in 
the last stage of drying. This increases the volume of the donor phase, and as such 
the acceptor will have the smaller volume and form droplets. For the same reason, 
once totally dried the droplets of acceptor will be thicker than the matrix phase, 
because there was less solvent in the droplets. 

The nanostructure seen in Figure 1.07 results in an inefficient solar cell, as was 
first shown by Shaheen et al.41 There are two reasons why large phase separation is 
unfavorable to reach high power conversion efficiency. First, a large distance 
between the donor and acceptor molecules reduces charge generation because 
excitons can only move small distances (~10 nm)42 and will often not be able to reach 
an interface between the donor and acceptor within their limited lifetime. Hence, 
instead of dissociating into free charges, the exciton will decay when the electron 
falls back to the HOMO level. This problem arises only when the domains are almost 
pure in donor (or acceptor) and the domain size exceeds the exciton diffusion length. 
Second, and possibly more important is the situation in which the donor matrix 
contains only a small amount of acceptor.40 In this case, the exciton will be 
dissociated into a free hole and an electron on a single acceptor molecule. However, 
because the other acceptor molecules are too far away, the electron is not free to 
move. As such, these electrons hardly contribute to the current but act as 
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recombination centers for the mobile holes. In this case the problem is not primarily 
caused by the large domain size, but rather by the lack of continuity in one of the 
phases: from all acceptor molecules there needs to be a continuous “acceptor-phase 
path” to the electron selective layer, and from all donor molecules there needs to be 
a continuous “donor-phase path” to the hole selective layer. 

The formation of these droplets is studied in real time with laser 
interferometry, laser scattering (Chapter 3) and grazing incidence small-angle X-ray 
scattering (Chapter 4). These experiments reveal which parameter determines the 
droplet size. Not only the drying rate turns out to be important, but also the final 
layer thickness. In Chapter 3 I show that the parameter “drying rate divided by final 
thickness” governs the droplets size. The larger this parameter is, the smaller the 
droplets are. This work has been done in strong collaboration with theoretical 
physicists working on models to describe liquid-liquid phase separation43 and 
electrical solar cell models.44,45 

1.5 Fibers 

To make better organic solar cells, we need to solve both problems mentioned 
in Section 1.4. The solar cells need to contain two continuous, but separate phases 
(of donor & acceptor molecules), which should always be close together (~10 nm). 
The first examples of donor/acceptor based organic solar cells, as first introduced by 
Tang had a bilayer structure.24 This ensures continuous phases, but limits the layer 
thicknesses to the exciton diffusion length. These thin layers cannot absorb all light, 
and as such the solar cell efficiency is low. A few years later it was discovered that 
mixing the donor and acceptor in a single layer could greatly enhance the 
photocurrent.46 This fulfilled the second requirement of intimate mixing of donor 
and acceptor, but did not provide continuous pathways. A structure that fulfills both 
requirements was discovered in 1995 and has been coined a bulk-heterojunction 
(BHJ).47 In all organic solar cells in this thesis the donor molecule is a polymer and 
the acceptor molecule is a fullerene derivative. For these “polymer:fullerene” solar 
cells a well-known method to make such a BHJ is to add a second solvent to the 
ink.48-50 As only 2-10 vol. % of the ink will be this second solvent, it is called a 
cosolvent. For the materials used in this thesis, the cosolvent suppresses the 
occurrence of liquid-liquid phase separation and the solar cells will have smaller 
domains. 

In Chapter 5 I will show that the effect of the cosolvent is related to the 
aggregation of the polymer donor. By adding more cosolvent, the polymer will 
aggregate at a lower concentration. Some polymers form a network of fibers when 
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they aggregate. Chapter 6 studies the factors that govern the size of these fibers. 
These size-determining factors are different from those that determine the size of the 
droplet-like structures. Here, the drying rate does not influence the fiber size. The 
fiber size is controlled by the solubility of the polymer in the cosolvent. Tuning the 
size of these fibers is crucial in the optimization of polymer:fullerene solar cells.  

The samples with the smallest and largest fiber size have been analyzed in 
more detail by TEM-tomography, in cooperation with Zino Leijten. A 3D-
reconstruction of these nanostructures is shown in Figure 1.08, which nicely 
illustrates the fiber networks. The smaller length scales in Figure 1.08a make much 
better solar cells than those in Figure 1.08b. However, the best solar cells have an 
even smaller feature size. 

 
Figure 1.08. 3D-TEM (magnification: 11500×) on polymer:fullerene mixtures spin coated from 
chloroform, with 1,8-diiodooctane (a) or o-dichlorobenzene (b) as cosolvent. TEM imaging and 

reconstruction by Zino Leijten.* From left to right: a reconstructed slice of the active layer, binarization 

into two discrete phases and a constructed 3D-model. 

1.6 Crystals 

Crystals occur in this thesis in two forms. First, the fiber networks studied 
above actually consist of a semicrystalline polymer. The fibers are structures in 
which the polymer has formed a crystal, as shown in Chapter 6. However, in this 
section I will focus on the appearance of crystals in perovskite solar cells. 

A crystal is a highly ordered form of a material. All atoms or molecules have 
a strictly defined position in a crystal lattice. This lattice extends in all directions. 
Perovskite solar cells have the same crystal structure as the mineral CaTiO3, which 

                                                           
* Sample preparation: 5 mg mL-1 of PDPPTPT (Chapter 6) and 10 mg mL-1 of [70]PCBM, dissolved in 

chloroform + 5% of the mentioned cosolvent. Spin coating at 2000 rpm. Solar cell in 1.06a: 4.0% efficiency, 
in 1.06b: 1.7%. TEM-tomography: imaging at angles from -68° to +68°, 2° increments, dose is compensated 
for thickness at higher angles, dose rate 10 e Å-2 s-1, 11500× magnification, and pixel size: 0.75 nm. 
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was named in 1839 after a Russian mineralogist Lev Perovski.51 However, the 
perovskite solar cells in this thesis use lead (Pb), methylammonium (MA), and 
iodide (I) to form the crystal MAPbI3. This crystal structure is shown in Figure 1.09. 

 
Figure 1.09. The perovskite crystal structure. A methylammonium cation is centered in the middle. The 
purple atoms represent the iodide anions. The lead cations are centered in the middle of the green 
octahedra. Figure used with permission from ref. 52. 

The MAPbI3 crystal is a semiconductor with a direct bandgap of ~1.6 eV.26 This 
is a value which is close to optimal for solar cells, and allows the perovskite to absorb 
all visible light. Light absorption results directly in free charges due to the low 
exciton binding energy.26 This is in contrast to organic solar cells, where the exciton 
binding energy is much larger than the thermal energy. Additionally, the high 
charge mobility26 allows both electrons and holes to be transported over large 
distances in a single material. Because of these two properties only a single material 
is needed in the active layer of a perovskite solar cell. 

Figure 1.10 shows a typical nanostructure of a perovskite solar cell as made in 
Chapter 8. The scanning electron microscopy (SEM) images reveal that the in-plane 
crystal size ranges from a few hundred nanometers to well over a micrometer. The 
cross-section in Figure 1.10b shows that in the vertical direction the active layer 
consists of a single perovskite crystal.  

Even though only one material is needed in the active layer of a perovskite 
solar cell, they are made by spin coating a multi-component ink. The most direct 
method is to spin coat a mixture of lead iodide (PbI�) and methylammonium iodide 
(MAI). However, this results in very rough layers. This is probably caused by the 
rapid and uncontrolled reaction rate of the perovskite formation from the single 
halide solution (Reaction 1.01). The resulting layers contain holes, and the large 
perovskite crystals can protrude through the electron selective layer. These factors 
severely limit the solar cell efficiency.  

single	anion: PbI� +MAI	 → 	MAPbI� (1.01) 
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Figure 1.10. From Chapter 8. In (a) a SEM-image of the top of a perovskite layer is shown. A similar 
sample is broken in liquid nitrogen, and panel (b) shows the resulting side view. The perovskite crystals 
span the entire thickness of the active layer. The scale bars are 1 µm. 

Various processing methods have been developed to allow a better control of 
the crystallization process. One of these methods uses a combination of lead acetate 
(Pb(OAc)�), lead chloride (PbCl�), and MAI in a 0.8:0.2:3 ratio.53,54 After spin coating 
these solutions, the perovskite crystals quickly form by thermal annealing. The ideal 
(total) reaction is shown in Reaction 1.02. As shown in Chapter 8, the formed 
perovskite is mainly MAPbI�. Most excess organic salts are removed from the films 
by the thermal annealing, but it is very hard to verify or exclude their presence, or 
the incorporation of small amounts of chloride into the crystal lattice. 

triple	anion: 3MAI + 	0.8Pb(OAc)� + 0.2PbCl�	 
										

!"#$%&'	&((#&')(*
+,,,,,,,,,,,,- 	MAPbI� + 1.6MA(OAc) ↑ +0.4MACl ↑ (1.02) 

This reaction will only complete at elevated temperature. It is expected that 
the optimal reaction time is reached when mainly MAPbI� remains in the film. 
Annealing too short will result in residual organic salts, which will hamper charge 
transport. However, too long thermal annealing will also result in the removal of 
MAI, which causes the undesired formation of PbI�. Additionally, prolonged 
annealing might create undesired large crystals in the film due to the prolonged 
crystal growth. Thus, it is essential to control the thermal annealing to reach the 
optimal solar cell efficiency. 
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Results in Chapter 8 show that the required annealing duration is very 
sensitive to the exact temperature used. A variation of the temperature between 82 
°C and 97 °C results in a factor three difference in the annealing time required for 
optimal solar cell performance. In Chapter 8 a method is developed to study the 
photophysical properties of perovskites during annealing, which can be used to 
predict the required annealing time. 

1.7 Conclusion 

In summary, this chapter has introduced this thesis by discussing the need for 
research on solar energy conversion. After a short description of essential solar cell 
characteristics the three constituents of the title of this thesis are described: droplets, 
fibers, and crystals. All of these have the common property that they are formed by 
solution processing. Although widely different in their nanostructure, these 
droplets, fibers, and crystals are all made by spin coating of an ink (albeit with 
different materials in the ink). In this thesis I study the relationship between the 
processing and the formed nanostructure of solution-processed solar cells. To do 
this, I developed tools that allow us to study important characteristics during the 
fabrication of solar cells. Very similar techniques could be applied to all three 
nanostructures, and have produced useful and new insights by relating processing 
to nanostructure and solar cell performance.  

1.8 Acknowledgements 

I thank Zino Leijten for the TEM tomography on the fiber-like morphologies. 

1.9 References 
[1] G. W. Crabtree, N. S. Lewis, Phys. Today, 2007, 60, 3, 37. 
[2] National Research Council of the National Academies, “Hidden costs of energy: unpriced 
consequences of energy production and use”, The National Academies Press, Washington D.C., USA 
2010. 
[3] The “Paris Agreement”, see http://unfccc.int/paris_agreement/items/9485.php (last accessed April 7th, 
2016). 
[4] After a few years at > 100 $ per barrel, the current price of Brent oil is < 40 $ per barrel. Historical data 
of Brent oil price since 1987 is available from the US Energy Information Administration, 
http://www.eia.gov/dnav/pet/pet_pri_spt_s1_d.htm (last accessed April 7th, 2016). 
[5] D. Scholten, R. Bosman, Technol. Forecast. Soc., 2016, 103, 273. 
[6] V. Costantini, F. Gracceva, A. Markandya, G. Vicini, Energy Pol., 2007, 35, 210. 
[7] Fraunhofer ISE, Recent Facts about Photovoltaics in Germany, 2015, available online via 
https://www.ise.fraunhofer.de/en/publications/veroeffentlichungen-pdf-dateien-en/studien-und-
konzeptpapiere/recent-facts-about-photovoltaics-in-germany.pdf (last accessed April 7th, 2016) 
[8] Natuur & Milieu, Factsheet Nederlandse marktzonne-energie, 2013, available online via 
https://www.natuurenmilieu.nl/media/301630/120129_factsheet_zonnepanelen.pdf (last accessed April 
7th, 2016). 

 



Chapter 1 

16 

 
[9] KPMG, UK solar beyond subsidy: the transition, 2015, available online via 
http://www.uksolar.org.uk/home/kpmg/ (last accessed April 7th, 2016). 
[10] M. H. Kang, A. Rohati, Sol. Energ. Mat. Sol. Cells, 2016, 154, 71. 
[11] Deloitte, US Solar Power Growth through 2040, 2015, available online via 
http://www2.deloitte.com/content/dam/Deloitte/us/Documents/energy-resources/us-er-solar-
innovation-growth.pdf (last accessed April 7th, 2016). 
[12] Shell, New lens scenarios, 2013, available online via http://www.shell.com/energy-and-innovation/the-
energy-future/shell-scenarios.html (last accessed April 7th, 2016). 
[13] C. J. Brabec, S. Gowrisanker, J. J. M. halls, D. Laird, S. Jia, S. P. Williams, Adv. Mater., 2010, 22, 3839. 
[14] L. Dou, J. You, J. Yang, C.-C. Chen, Y. He, S. Murase, T. Moriarty, K. Emery, G. Li, Y. Yang, Nature 

Photon., 2012, 6, 180. 
[15] F. Machui, M. Hösel, N. Li, G. D. Spyropoulos, T. Ameri, R. R. Søndergaard, M. Jørgensen, A. Scheel, 
D. Gaiser, K. Kreul, D. Lenssen, M. Legros, N. Lemaitre, M. Vilkman, M. Välimäki, S. Nordman, C. J. 
Brabec, F. C. Krebs, Energy Environ. Sci., 2014, 7, 2792. 
[16] S. Reichelstein, M. Yorston, Energy Pol., 2013, 55, 117. 
[17] F. C. Krebs, N. Espinosa, M. Hösel, R. R. Søndergaard, M. Jørgensen, Adv. Mater., 2014, 26, 29. 
[18] Heliatek, certified by Fraunhofer CSP, press release available online via 
http://www.heliatek.com/en/press/press-releases/details/heliatek-sets-new-organic-photovoltaic-world-
record-efficiency-of-13-2 (last accessed April 8th, 2016). 
[19] NREL, Best Research-Cell Efficiencies, available online via http://www.nrel.gov/ncpv/ (last accessed 
April 8th, 2016); additional references: 10.1021/ja809598r 
[20] K.-S. Chen, J.-F. Salinas, H.-L. Yip, L. Huo, J. Hou, A. K.-Y. Jen, Energy Environ. Sci., 2012, 5, 9551. 
[21] J. Mescher, S. W. Kettlitz, N. Christ, M. F. G. Klein, A. Puetz, A. Mertens, A. Colsmann, U. Lemmer, 
Org. Electron., 2014, 15, 1476. 
[22] M. Kaltenbrunner, M. S. White, E. D. Glowacki, T. Sekitani, T. Someya, N. S. Sariciftci, S. Bauer, Nat. 

Commun., 2012, 3, 770. 
[23] H. J. Park, T. Xu, J. Y. Lee, A. Ledbetter, L. J. Guo, ACS Nano, 2011, 5, 7055. 
[24] C. W. Tang, Appl. Phys. Lett., 1986, 48, 183. 
[25] IDTechEx, OLED Display Forecasts 2015-2025: The Rise of Plastic and Flexible Displays, abstract available 
online via http://www.idtechex.com/research/reports/oled-display-forecasts-2015-2025-the-rise-of-
plastic-and-flexible-displays-000426.asp (last accessed: May 10th, 2016). 
[26] T. M. Brenner, D. A. Egger, L. Kronik, G. Hodes, D. Cahen, Nat. Rev. Mats., 2016, 1, 15007. 
[27] A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka, J. Am. Chem. Soc., 2009, 131, 6050. 
[28] H.-S. Kim, C.-R. Lee, J.-H. Im, K.-B. Lee, T. Moehl, A. Marchioro, S.-J. Moon, R. Humphry-Baker, J.-
H. Yum, J. E. Moser, M. Grätzel, N.-G. Park, Sci. Rep., 2012, 2, 591. 
[29] M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami, H. J. Snaith, Science, 2012, 338, 643. 
[30] D. Bi. W. Tress, M. I. Dar, P. Gao, J. Luo, C. Renevier, K. Schenk, A. Abate, F. Giordano, J.-P. C. Baena, 
J.-D. Decoppet, S. M. Zakeeruddin, M. K. Nazeeruddin, M. Grätzel, A. Hagfeldt, Sci. Adv., 2016, 
2:e1501170. 
[31] D. Liu, T. L. Kelly, Nature Photon., 2013, 8, 133. 
[32] O. Malinkiewicz, A. Yella, Y. H. Lee, G. M. Espallargas, M. Graetzel, M. K. Nazeeruddin, H. J. Bolink, 
Nature Photon., 2013, 8, 128. 
[33] P. Docampo, J. M. ball, M. Darwich, G. E. Eperon, H. J. Snaith, Nat. Commun., 2013, 4, 2761. 
[34] J. You, Z. Hong, Y. Yang, Q. Chen, M. Cai, T.-B. Song, C.-C. Chen, S. Lu, Y. Liu, H. Zhou, Y. Yang, 
ACS Nano, 2014, 8, 1674. 
[35] M. Jørgensen, J. E. Carlé, R. R. Søndergaard, M. Lauritzen, N. A. Dagnæs-Hansen, S. L. Byskov, T. R. 
Andersen, T. T. Larsen-Olsen, A. P. L. Böttiger, B. Andreasen, L. Fu, L. Zuo, Y. Liu, E. Bundgaard, X. 
Zhan, H. Chen, F. C. Krebs, Sol. Energ. Mat. Sol. Cells, 2013, 119, 84. 
[36] a) J.-H. Im, C.-R. Lee, J.-W. Lee, S.-W. Park, N.-G. Park, Nanoscale, 2011, 3, 4088; b) Y. Liu, J. Zhao, Z. 
Li, C. Mu, W. Ma, H. Hu, K. Jiang, H. Lin, H. Ade, H. Yan, Nat. Commun., 2014, 5, 5293; c) J. Zhao, Y. Li, 
G. Yang, K. Jiang, H. Lin, H. Ade, W. Ma, H. Yan, Nat. Energy, 2016, 1, 15027; d) A. Yella, H.-W. Lee, H. 
N. Tsao, C. Yi, A. K. Chandiran, M.K. Nazeeruddin, E. W.-G. Diau, C.-Y. Yeh, S. M. Zakeeruddin, M. 



An introduction to solution-processed solar cells 

17 

 
Grätzel, Science, 2011, 334, 629; S. Mathew, A. Yella, P. Gao, R. Humphry-Baker, B. F. E. Curchod, N. 
Ashari-Astani, I. Tavernelli, U. Rothlisberger, Md. K. Nazeeruddin, M. Grätzel, Nat. Chemistry, 2014, 6, 
242. 
[37] M. A. Green, M. J. Keevers, Prog. Photovolt. Res. Appl., 1995, 3, 189. 
[38] M. A. Green, Y. Jiang, A. M. Soufiani, A. Ho-Baillie, J. Phys. Chem. Lett., 2015, 6, 4774. 
[39] L. Dou, J. You, Z. Hong, Z. Xu, G. Li, R. A. Street, Y. Yang, Adv. Mater., 2013, 25, 6642. 
[40] S. Kouijzer, J. J. Michels, M. van den Berg, V. S. Gevaerts, M. Turbiez, M. M. Wienk, R. A. J. Janssen, 
J. Am. Chem. Soc., 2013, 135, 12057. 
[41] S. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T. Fromherz, J. C. Hummelen, Appl. Phys. Lett., 
2001, 78, 841. 
[42] P. E. Shaw, A. Ruseckas, I. D. W. Samuel, Adv. Mater., 2008, 20, 3516. 
[43] C. Schaefer, P. van der Schoot, J. J. Michels, Phys. Rev. E Stat. Nonlin. Soft Matter Phys., 2015, 91, 022602. 
[44] D. Bartesaghi, L. J. A. Koster, Adv. Funct. Mater., 2014, 25, 2013. 
[45] D. Bartesaghi, M. Turbiez, L. J. A. Koster, Org. Electron., 2014, 15, 3191. 
[46] M. Hiramoto, H. Fujiwara, M. Yokoyama, Appl. Phys. Lett., 1991, 58, 1062. 
[47] G. Yu, J. Gao, J. C. Hummelen, F. Wudl, A. J. Heeger, Science, 1995, 270, 1789. 
[48] F. Zhang, K. G. Jespersen, C. Björström, M. Svensson, M. R. Andersson, V. Sundström, K. Magnusson, 
E. Moons, A. Yartsev, O. Inganäs, Adv. Funct. Mater., 2006, 16, 667. 
[49] J. K. Lee, W. L. Ma, C. J. Brabec, J. Yuen, J. S. Moon, J. Y. Kim, K. Lee, G. C. Bazan, A. J. Heeger, J. Am. 

Chem. Soc., 2008, 130, 3619. 
[50] J. Peet, J. Y. Kim, N. E. Coates, W. L. Ma, D. Moses, A. J. Heeger, G. C. Bazan, Nat. Mater., 2007, 6, 497. 
[51] http://www.mindat.org/min-3166.html (last accessed April 12th, 2016) 
[52] C. Eames, J. M. Frost, P. R. F. Barnes, B. C. O’Regan, A. Walsh, M. S. Islam, Nat. Commun., 2015, 6, 
7497. 
[53] W. Qiu, T. Merckx, M. Jaysankar, C. Masse de la Huerta, L. Rakocevic, W. Zhang, U. W. Paetzold, R. 
Gehlhaar, L. Froyen, J. Poortmans, D. Cheyns, H. J. Snaith, P. Heremans, Energy Environ. Sci., 2016, 9, 484. 
[54] J. Qing, H.-T. Chandran, Y.-H. Chenk, X.-K. Liu, H.-W. Li, S.-W. Tsang, M.-F. Lo, C.-S. Lee, ACS Appl. 

Mater. Interfaces, 2015, 7, 23110. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 1 

18 

 
 
 
 
 
 
 
 
 
 



19 

Chapter 2 

Spin coating: theory and in-situ 

measurements*

 
 

 

 

Abstract 

This chapter introduces spin coating, which is a lab-scale coating method suitable to 

make very uniform thin films from solutions. Firstly, a simple numerical model is used, 

which helps us to understand the processes which occur during spin coating. Spin coating 

consist of two phases. After a flow phase in which excess solution is ejected off the substrate 

there is an evaporation phase, in which the solvents evaporate. Secondly, I will also introduce 

an in-situ measurement setup which is able to measure the wet layer thickness during spin 

coating. There is excellent agreement between the model and the measurements. The spin 

coating method – and these in-situ measurements – are used throughout this thesis. The 

purpose of this chapter is to introduce the theory and background knowledge which is 

essential for the remaining chapters, as well as aid our understanding of the spin coating 

process in general.  

  

                                                           
* This chapter is an extended combination of the supplementary information of two published papers: J. 

J. van Franeker, M. Turbiez, W. Li, M. M. Wienk, R. A. J. Janssen, Nat. Commun. 2015, 6, p. 6229 and J. J. 

van Franeker, D. Westhoff, M. Turbiez, M. M. Wienk, V. Schmidt, R. A. J. Janssen, Adv. Funct. Mater. 2015, 

25, p. 855. 
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2.1 Spin coating: a short introduction 

A spin coater is a relatively simple tool to apply a coating solution (‘ink’) onto 

a substrate. This coating method is very suitable to produce uniform thin films on 

small laboratory scale substrates. Advantages of spin coating are the possibility to 

use small substrates, the rapid solvent evaporation at room temperature and the ease 

of use. A wide range of film thicknesses can be coated by virtually untrained workers 

by only tuning the rotational velocity (mostly measured in rotations per minute or 

rpm) and the solution concentration. It is also possible to test many different coating 

solutions without having to clean equipment in-between. However, spin coating 

also has disadvantages, of which one is the wasteful use of the coating solution, as 

most of the solution is ejected off the substrate due to the centrifugal forces. A more 

fundamental disadvantage is that spin coating can only be used on small scale. If it 

is desired to scale a coating process towards industrial application a fundamentally 

different coating method is desired. In industry, coating methods like (roll-to-roll) 

slot die coating or spray coating are much more suitable for large-scale application.  

For these large-scale coating methods the processes that govern film 

parameters such as substrate coverage, thickness uniformity and the nanostructure 

are fundamentally different. This problem becomes even more apparent for coatings 

that crystallize during drying (e.g. the perovskite solar cells in Chapter 8) or coatings 

in which the feature size is drying-rate dependent (e.g. Chapter 3). 

Many industrially relevant coatings are first tested by spin coating due to the 

aforementioned advantages. Thus, also this thesis focusses mostly on spin coated 

films to be used in solution processed solar cells. The coating solutions and coating 

parameters are extensively optimized for the processing conditions which occur 

during spin coating, which is one of the reasons that large-scale modules do not 

reach the same performance as the spin coated lab-scale devices. To translate results 

on lab-scale spin coated devices to large-scale a fundamental understanding of the 

coating process is required. This chapter introduces basic spin coating theory. Using 

this theory, a numerical model is developed which aids our understanding of spin 

coating. Finally, in-situ measurements are shown which can verify the model 

predictions by measuring the time-evolution of the wet layer thickness during spin 

coating. 

2.2 Spin coating in phases 

The application of an ink on a substrate is normally done by pipetting the 

coating solution onto a stationary substrate, as illustrated in Figure 2.01. After the 

rotational movement has started, spin coating is by approximation a two-step 
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process. At first, in the “flow” phase, there is mainly ink spreading, which includes 

the ejection of surplus solution from the substrate and the formation of a uniform 

thin film. In the second “evaporation” phase, the solvents evaporate from the thin 

liquid film. Of course there is no clear-cut division between these two phases. During 

the flow phase, there will also be solvent evaporation. To obtain a simple model, we 

will find differential equations in literature that describe the two phases separately. 

These equations will then be combined in a numerical model. 

 
Figure 2.01. A schematic depiction of the spin coating process. After the application of a coating solution 

and the start of rotation two different phases can be distinguished. Figure adapted from Wikimedia 

Commons. 

2.2.1 The flow phase 

The flow-phase has already been described in 1958 by Emslie et al.1 Assuming 

an initially uniform layer, the thickness evolution of the liquid film can be described 

by Equation 2.01: 

�ℎ(�)
��

= −2
		��

3	�
ℎ(�)�	 (2.01) 

Here h(t) is the layer thickness, ω is the rotational velocity (=	"rpm" ∗ 2�/60), 

ρ is the density and η the viscosity of the ink. The equation shows that the rate of 

thickness change (�ℎ/��) is proportional to the current thickness (h(t)) to the third 

power. This means the thickness decreases rapidly in the first moments of spin 

coating, but this in turn causes the thinning rate to decrease very rapidly in time.  

2.2.2 The evaporation phase 

The second phase, solvent evaporation, can be described by mass-transfer 

coefficients as shown by Bornside et al.2 The thinning rate caused by solvent 

evaporation is given in Equation 2.02: 

�ℎ(�)
��

= −�(�)
�	��	���	 

!"�			#	$
!�(�)		 (2.02) 

Here ϕ(t), M, pvp, and ρ are the volume fraction, the molar mass, the vapor 

pressure, and the density of the solvent, respectively. The constant c depends on the 

Flow phase Evaporation phase
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Schmidt number of the overlying gas (air) and is taken to be 0.5474, and vg is the 

kinematic viscosity of the overlying gas and is taken to be 1.574 × 10-5 m2 s-1 (both 

from Ref. 2). Dg is the binary diffusivity of the solvent in air, R is the ideal gas 

constant (8.31446 J K-1 mol-1) and T the temperature (293 K). All these parameters are 

either extracted from the Wolfram Database (as implemented in Wolfram 

Mathematica 9.0) or approximated as outlined in Section 2.3. It must be noted that 

Equation 2.02 assumes a uniformly mixed film. This is only an approximation, 

because the solvent will evaporate first from the top surface. This will cause a 

concentration gradient throughout the film. In extreme cases, a solid “skin” layer 

can form on top of a drying film, which can be predicted using more complicated 

models.3 Here the aim is on simplicity in order to gain physical insights, and thus 

ignores these more complicated effects. 

Except for the final part of solvent evaporation, where the solvent volume 

fraction �(�) = �(ℎ(�)) starts to change significantly, the thinning rate by 

evaporation is constant (it does not depend on the layer thickness h). Thus, as soon 

as thinning due to solvent evaporation is sufficiently larger than the thinning due to 

flow, we expect the thickness to decrease linearly over time.  

2.3 Parameter estimation  

Equations 2.01 and 2.02 require many input parameters which depend on 

the solvent and the dissolved species. Of course, we could use a fitting algorithm to 

fit these to measured data, but to provide physical insight it is beneficial to determine 

these parameters a priori. This section explains how the model can obtain these input 

parameters. Using this method, the model (Section 2.4) can be run without the 

requirement of any fit parameters. 

2.3.1 Estimating vapor pressure 

The vapor pressure of solvents has to be known to estimate the evaporation 

rate in the model. Two approaches can be employed. When operating at room 

temperature the easiest approach is to use the chemical database of Wolfram 

Mathematica 9.0. Function 2.03 will download the data from Wolfram Servers and 

returns the vapor pressure under standard conditions. 

ChemicalData["chloroform", "VaporPressure"] (2.03) 

To extend the model to be also able to handle alleviated temperatures the 

Antoine equation4 (Equation 2.04) can been implemented as well. 
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log(�) = 8 −
9

: + $ − 273.15
@A  (2.04) 

Here, p is the vapor pressure, T is the temperature in Kelvin, and A, B, and C 

are tabulated constants, which are valid over a limited temperature range. They are 

tabulated in Appendix A of Ref. 4. As an example the estimated vapor pressure data 

for chloroform is shown in Figure 2.02. 
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Figure 2.02. Estimated vapor pressure data for chloroform. Antoine constants are taken from Appendix 

A of Ref. 4 and are A = 3.96, B = 1106.9 K, C = 218.6 K. The plot shows the temperature range where these 

constants are valid. 

2.3.2 Estimating Viscosity 

The viscosity of an ink is a complicated factor to estimate. For basic solvents 

the viscosity under standard conditions is taken from then Wolfram Servers using 

Function 2.05:  

ChemicalData["chloroform", "Viscosity"] (2.05) 

Two factors complicate the application to real inks. The first is that often 

solvent blends are used and the second is that the ink may contain dissolved 

polymers, which can increase the viscosity of the ink dramatically. First we will 

discuss solvent blends. 

2.3.2.1 Solvent blends 

Section 9-13 of Ref. 4 describes how to calculate an interaction parameter G12 

for two liquids from group contributions. As an example, the calculated interaction 

parameter is 0.897 for a mixture of chloroform (CHCl3) and o-dichlorobenzene 
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(oDCB) that is used commonly throughout this thesis. Then, the viscosity of the 

solvent blend is given by Equation 2.06: 

ln(�) = D ln(�@) + (1 − D) ln(��) + D(1 − D)	E@� (2.06) 

Here �@ is the viscosity of solvent 1 and x is the mole fraction of solvent 1. The 

resulting viscosity for different blend ratios is shown in Figure 2.03. It can be seen 

that a simple weighted mean of both components is accurate within 20%. In the light 

of the contribution of the dissolved particles this is a small error and thus the 

weighted mean is used to avoid cumbersome group contribution calculations. 
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Figure 2.03. Viscosity of chloroform:oDCB blend, calculated using Equation 2.06, with G = 0.897 (blue), 

G = 0 (red) or as the weighted mean of both viscosities (black). 

2.3.2.2 Dissolved polymers 

The contribution of dissolved polymers to the viscosity of an ink can be 

approximated using the intrinsic viscosity for polymers. The contribution of small 

molecules is neglected. The approach (following Pamies et al.5) is based on a Taylor 

expansion of the viscosity around a polymer concentration (volume fraction) of � =
0. The expansion is written in the form of Equation 2.07. 

�F = 1 + [�]� + GH[�]��� (2.07) 

Here, �F is the relative viscosity (�/�A) in which �A is the pure solvent 

viscosity. Furthermore, [�] is the intrinsic viscosity and GH is the Huggins constant. 

To be useful, we have to estimate both the intrinsic viscosity and the Huggins 

constant for our polymers. By subtracting 1 from Equation 2.07 and dividing by � 

we arrive at Equation 2.08, which is linear in � and has a value of [�] at � = 0.  
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�F − 1
�

= [�] + GH[�]�� (2.08) 

The intrinsic viscosity can be thus be estimated from series of viscosity 

measurements for different polymer concentration, and then using a linear 

extrapolation to a concentration of 0. The Huggins constant can then be extracted 

from the slope of the plot. The resulting dynamic viscosity estimation is shown in 

Figure 2.04 for a blend of photoactive materials in chloroform, which is often used 

throughout this thesis. These photoactive materials are a diketopyrrolopyrrole-

quinquethiophene copolymer (PDPP5T) and the fullerene derivative ([6,6]-phenyl-

C71-butyric acid methyl ester, [70]PCBM) in a 1:2 weight ratio. The dynamic viscosity 

is measured with an Anton Paar AMVn rolling ball microviscometer. The results of 

this method are summarized in Table 2.01. 
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Figure 2.04. Measured dynamic viscosity of PDPP5T:[70]PCBM solutions in chloroform, combined with 

the dynamic viscosity estimation using Equation 2.07 with [�] = 89.9 and GI = 0.39. 

Table 2.01. Terminology on viscosities, with values given for PDPP5T in chloroform at three different 

polymer concentrations, {3, 6, 9} mg mL-1 in a 1:2 ratio to [70]PCBM. The dynamic and solvent viscosity 

are measured in mPa s. 

η Dynamic viscosity Measured {0.7546, 0.9323, 1.2057} 

η0 Solvent viscosity Pure solvent 0.5783 

ηr Relative viscosity η/η0 {1.305, 1.612, 2.085} 

[η] Intrinsic viscosity lim((ηr -1)/ϕ) for ϕ → 0 89.9 

kH Huggins constant Slope of [(ηr -1)/ϕ] / [η]2 0.39 

 

It can be seen from the data in Table 2.01 that for initial ink concentrations as 

used in solar cells (6 mg mL-1 PDPP5T ~ 0.6 vol. %) the viscosity increase caused by 

the polymer in pure chloroform (~ 60%) is higher than all values for the blended 
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solvents shown in Figure 2.03. Therefore the contribution of dissolved polymer is 

expected to be far more important than the exact calculation of the solvent blend 

viscosity. Ideally a concentration series includes a much higher number of points 

than shown above, but for the purpose of the spin model this is an adequate 

estimation. The fact that realistic ink concentrations are used in the concentration 

series makes sure that the viscosity is approximately right for the initial ink 

conditions. 

An alternative to the estimation of [�] from a concentration series may be the 

single point Solomon-Ciuta method,5 as shown in Equation 2.09. However, this 

equation does not give information on the Huggins constant. Therefore, the method 

using a concentration series is desirable. If only one viscosity measurement is 

available this method is a useful alternative. 

[�] =
!2(�F − 1 − JKL[�F])

�
 (2.09) 

2.3.2.3 Combining solvents and dissolved polymers 

The relative viscosity due to the polymer (as given in Equation 2.07) and the 

solvent blend viscosity (taken as the volume fraction weighted mean viscosity of 

both components) are combined as �MNOPQRS	TOQRU ∗ �F which leads to the results shown 

in shown in Equation 2.10. This is the equation which is actually used in the model: 

� = [(1 − D)	�MNOPQRSV + D		�MNOPQRSW] ∗ [1 + [�]� + GH[�]���] (2.10) 

Here D is used as the volume fraction of solvent B, which is the minority 

solvent that evaporates slower. As the intrinsic viscosity was determined in solvent 

A this method will certainly lead to a deviation from “real” values for high volume 

fractions of solvent B. The model does not claim to be right, but it gives satisfactory 

results in the combination with the spin model for initially low fractions of solvent 

B. For an initially high fraction of solvent B a solution might be to determine the 

intrinsic viscosity for the polymer in the solvent blend.  

2.3.3 Estimating the Binary Diffusion Coefficient 

The binary diffusion coefficient is required in order to estimate the 

evaporation rate of the solvent in air. The estimation is based on the Wilke & Lee 

method in Example 11-3 of Ref. 4. As input data the boiling point and the molecular 

weight of the solvent are needed, which can be found through the Wolfram 

Chemical Database. Also the liquid molar volume at the normal boiling point is 
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required. An estimation for this can be given by elemental and bond contributions 

as given in Formula 4-10.1 in Ref. 4. This has been automated in a Mathematica 

script. Therefore this binary diffusion coefficient in air can be estimated from the 

solvent name (or CAS number) only. In Figure 2.05 estimated values are compared 

to literature values. Most are quite close, with the biggest error for water (23%). For 

water there will be deviations in evaporation rate due to the humidity as well and 

therefore this deviation is accepted. 
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Figure 2.05. Binary diffusion coefficient estimation compared with literature values.4,6,7  

2.4 A numerical spin coating model 

It is useful to develop a model which predicts the time-evolution of the film 

thickness. The differential equations outlined in Section 2.2 need to be coupled to 

provide a valid numerical spin coating model. As we will use four-component 

blends later in this thesis, we will develop the model based on four different 

components. These components are two non-volatile solids: a polymer and a 

fullerene, and two volatile solvents: a main solvent and a cosolvent. Mathematically, 

the layer thickness h is chosen to consist of four “parts”, the polymer thickness (i = 

1), the fullerene thickness (i = 2), the main solvent thickness (i = 3) and (if present) 

the cosolvent thickness (i = 4). These initially defined by ℎX,A = �XℎA. The parameter 

ℎA is the initial thickness of the film, which is a required boundary condition. The 

system is not so sensitive to the exact value and we chose ℎA = 0.5	mm as an estimate. 

For the nonvolatile components the change in ℎX in time (�ℎX ��⁄ ) is given by 

Equation 2.01 only. For the volatile components (solvents) both Equation 2.01 and 
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2.02 contribute to (�ℎX ��⁄ ). This set of differential equations is solved numerically 

by the Mathematica function NDSolve.  

The model introduced here is not new, as it is very similar to the 

methodology developed by Meyerhofer.8 Also, much more detailed spin coating 

models exist in literature.3,9 The model is introduced here because even this simple 

model is able to capture most of the important processes that occur during spin 

coating. It is also able to predict parameters, for example the final layer thickness, 

the drying rate and the evolution of the concentrations of all components. This is a 

useful background to the contents of this thesis. 

The spin coating model outlined here is very simple and computationally 

quick. However, it involves many assumptions. One assumption is that the film is 

assumed to be uniform and flat. This turns out to be true in most practical cases as a 

flat film is desired for most applications. A second assumption is that there are no 

vertical concentration gradients, i.e. there is no depletion of solvent from the top of 

the film. If mass transfer through the film is sufficiently faster than the solvent 

evaporation from the top of the film this assumption is valid. This might not be true 

in all cases and is important to keep in mind. Of course there are also many 

assumption or approximations in the estimation of the parameter in Section 2.3. 

Unless otherwise mentioned, all simulations and measurements in this 

paragraph are done for a blend of photoactive materials in chloroform, with an 

initial polymer (PDPP5T) concentration of 6 mg mL-1 and an acceptor ([70]PCBM) 

concentration of 12 mg mL-1. In some cases 5% oDCB is added as cosolvent. The spin 

speed is 2000 rpm with an acceleration of 17000 rpm s-1. The model always uses an 

intrinsic viscosity of 89.9 and a Huggins constant of 0.39. In the remainder of this 

section I will compare the results of this spin coating model to measurements and 

show some predictions of this model. Also, I will investigate the sensitivity of the 

model to various parameters. 

2.4.1 Predictions of the model: layer thickness versus time 

The simplest version of the model uses constant input parameters: the 

viscosity of the pure solvent and a constant spin speed. In reality the spin coater has 

a finite acceleration and due to solvent evaporation the increased polymer content 

will increase the viscosity in time. Taking these into account can be accomplished by 

defining functions which return the spin speed as a function of time (assumed to be 

linear acceleration) and the viscosity as a function of the concentrations of all 
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components (see Section 2.3.2.3). A comparison of these models with a measurement 

is shown in Figure 2.06 (these measurements will be discussed in Section 2.5). The 

inclusion of both viscosity and acceleration in the model leads to a result which 

agrees with the measurements without the use of any fit parameters. It must be 

noted that the measurement needs to be shifted horizontally to match the model, 

because the start of spin coating is not exactly known. 
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Figure 2.06. Comparison of three versions of the spin coating model of the photoactive blend in pure 

chloroform: using constant parameters (green), including acceleration (blue), and including both 

acceleration and an increasing viscosity (red). In black and gray a measurement for the same system is 

shown, which is shifted on the time-axis to match the modelled curves.  

2.4.2 Predictions of the model: final layer thickness 

A different use of this model are the thickness predictions that can be made. 

Measured thicknesses of films prepared using various initial concentrations which 

are spin coated at different spin speeds are compared with the thicknesses predicted 

by the model. The results are shown in Figure 2.07, which shows there is a strong 

correlation between prediction and reality. Ideally, the slope of the fit would be “1”, 

indicating a perfect prediction. In this case the slope turns out to be 0.94, which is 

not perfect but still the prediction of the final layer thickness can be a useful result 

of a numerical spin coating model.  
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Figure 2.07. Spin coating is done at different spin speeds and polymer concentrations in pure 

chloroform. The predicted thickness is calculated using the model. Measured thicknesses are 

determined with a Veeco Dektak 150 profilometer. 

2.4.3 Concentrations of components 

Because the model is designed to handle both a main solvent and a cosolvent, 

it can handle the simultaneous evaporation of these two solvents. As the cosolvent 

most often has a slower evaporation rate than the main solvent, the concentration of 

the cosolvent increases with time. Figure 2.08 shows how dramatic this effect can be: 

even though only 5% oDCB is added initially, after 1 second of spin coating the 

concentration of oDCB has increased to over 75%. This indicates that even small 

amounts of cosolvent can have big effects on the processes that occur during spin 

coating. 
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Figure 2.08. The volume fraction of all components in the spin coating solution, as a function of time. 

As cosolvent, 5% oDCB is added.  
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2.4.4 Parameter sensitivity 

The influence of spin speed, amount of cosolvent and initial ink viscosity on 

the model output parameters is analyzed. Most important are the thickness and 

drying time.  

2.4.4.1 Spin speed 

Experimentally, the most commonly observed shape of the “spin curve” (dry 

layer thickness versus spin speed) is given by the relation �ℎZ�G[\]]	 ∝

1/!]�Z[]�\\�.2,10 As can be seen in Figure 2.09 the predicted thickness decreases by 

a factor of two when increasing the spin speed from 500 to 2000 rpm, which does 

indeed correspond to this relation. However, increasing the spin speed further does 

seem to have little effect. This is due to the limited acceleration of the spin coater. In 

these cases, chloroform dries so fast that the viscosity has increased enough to 

impede flow before the final spin speed is reached.  
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Figure 2.09. Influence of spin speed on thickness (solid, left axis) and drying time (dotted, right axis) 

according to the model for the photoactive blend, including 5% oDCB as cosolvent.  

2.4.4.2 Cosolvent ratio 

Due to the vast difference in vapor pressure between chloroform and oDCB 

the influence in drying time when adding small amounts of cosolvent is remarkable. 

Only 5% of cosolvent increases the drying time by a factor of 10, as can be seen in 

Figure 2.10. It is also clear that at 20% solid content (typical concentration where the 

solution becomes unstable and phase separates, see Chapter 3) the volume fraction 

of cosolvent reaches saturates for initial cosolvent concentrations of 6% and higher. 

This means that even though only 6% oDCB is added initially, at the “unstable 

moment” there is 20% solids and 80% oDCB, because all chloroform has already 
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evaporated. This shows that even small amounts of cosolvent can have very 

important effects on the dynamics of spin coating. 
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Figure 2.10. Influence of cosolvent ratio on drying time (solid, left axis) and cosolvent ratio at 20% solids 

(dotted, right axis) according to the model. The thickness is not influenced significantly by the amount 

of cosolvent. 

2.4.4.3 Viscosity 

The influence of viscosity is shown in Figure 2.11. The shown parameters are 

influenced by a factor of two by an increase of viscosity by a factor of five, which are 

realistic values for high molecular weight polymer solutions. We can conclude that 

viscosity is an important parameter to include in the model. 
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Figure 2.11. Influence of initial ink viscosity on final layer thickness (solid, left axis) and drying time 

(dotted, right axis) according to the model. As cosolvent, 5% oDCB is used. The intrinsic viscosity is 

calculated using the single point Solomon-Ciuta method. The Huggins constant is chosen to be 0.39. For 

reference, the PDPP5T:[70]PCBM blend has a measured viscosity of 0.94 mPa s.  
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2.5 Measuring the film thickness in-situ 

During spin coating the solvents evaporate from a wet film. This causes many 

interesting processes to occur, for example liquid-liquid phase separation (Chapter 

3) and polymer aggregation (Chapter 5). To understand these processes, it is of 

fundamental importance to determine the concentration at which these processes 

occur. Also, the rate of solvent evaporation can be very important. If we are able to 

measure the wet layer thickness during spin coating, we can calculate these 

important parameters. For chloroform, we know that the spin coating process can 

result in dry films within one second. We thus need a fast measurement system. 

Several optical techniques exist which can be used for this purpose.11 Of these, the 

experimentally simple technique of laser-based thin-film interference is chosen. As 

this method is used throughout this thesis, I will detail the theory, experimental 

setup and interpretation in this section. 

2.5.1 Theory of thin film interference 

In Figure 2.12 a schematic drawing is shown to explain thin-film interference. 

A laser is incident on the wet layer under a certain angle _X. A fraction of the laser 

light is reflected, while a different fraction is transmitted into the wet layer. Due to 

refraction this transmitted light hits the surface of the reflective substrate under a 

different angle _F =	
`abcd
R

, with n the refractive index of the wet film. After reflection 

and subsequent refraction out of the wet layer, this fraction of the laser beam is again 

parallel to the fraction reflected at the top surface.  

 

Figure 2.12. Schematic drawing of thin film interference. 

In Figure 2.12, the path length difference of these two reflections is given by 

(AC)ffffff + (CD)ffffff − (AB)ffffff. The occurrence of either constructive or destructive interference 

between these two reflections depends on the path length difference, which 

obviously depends on the wet layer thickness d. Thus, for a drying film of which the 

thickness decreases in time, we will see maxima and minima occurring in the 
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intensity of the reflected light. Hecht12 shows that the conditions for constructive 

interference are given by Equation 2.11: 

� cos _F = (2h + 1)
i
4	[

 (2.11) 

Here, m is an integer number and i is the wavelength of the laser. Conditions 

for destructive interference are given by Equation 2.12: 

� cos _F = (2h)
i
4	[

 (2.12) 

We apply these equations for our system, where we are interested in the 

evolution of the wet layer thickness d. Due to the decreasing layer thickness, the 

conditions for constructive and destructive interference will occur alternatingly. We 

are interested in the difference in layer thickness d between an occurrence of 

constructive interference (maximum in reflected light) and destructive interference 

(minimum in reflected light). This difference is given by Equation 2.13: 

∆�	 =
(2	h + 1)	i
4	[ cos _F

−
2	h	i
4	[ cos _F

=
	i

4	[ cos _F
 (2.12) 

2.5.2 Experimental setup 

In most experiments in this thesis a 632.8 nm HeNe laser (5 mW, Melles-Griot) 

was used. This laser was incident on the substrate at a 15° angle. The beam was 

spread using a biconvex lens (Thor Labs B-BK7 Bi-Convex Lens, in a SM05 lens tube 

attached to the HeNe laser using an External SM05 Threaded to HeNe Laser 

Adapter) to a spot of ~5 mm diameter at the center of rotation, to decrease the 

influence of impurities on the spinning substrate by averaging the signal over a 

larger area. The setup is drawn schematically in Figure 2.13. 

A silicon photodiode (Thor Labs SM1PD1A, behind a Thor Labs FL632.8-3 

laser line filter in a SM1 lens tube) was used to collect the light reflected by the 

substrate. To filter out variations caused by a slight wobble in the spinning substrate, 

a diffuser has to be used in front of the photodiode. There are two options: a white 

piece of paper at ~10 cm before the photodiode (works best, but only when the 

measurement is done in the dark), or a commercial diffuser mounted to the front of 

the lens tube (Thor Labs ED1-C50-MD). The photodiode was connected to a current 

preamplifier (Stanford Research System Model SR570) which needs to be operated 

in high bandwidth mode due to the required time resolution. A Keithley 2636A 

sourcemeter was used to measure the voltage output of the preamplifier. The 

integration time of a sourcemeter is measured in the number of power line cycles 
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(NPLC). To obtain a time resolution of 1 ms with a power line frequency of 50 Hz, a 

NPLC of 0.001*50 = 0.05 has to be used. This sourcemeter can record up to 90000 

points (time and measured voltage) in its buffer. With the desired time resolution of 

1 ms this thus gives a maximum measurement time of 90 seconds. 

 
Figure 2.13. Schematic drawing of the experimental interference setup. 

The measurements in this chapter are always performed on reflective silicon 

(Si) substrates (with a 200 nm silicon oxide (SiO2) layer). These substrates are treated 

with an air plasma (Diener Electronic FemtoPCCE, 100% power, 15 minutes), after 

which poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS, 

Clevios Al 4083) is spin coated at 3000 rpm. This is the same layer as used in the 

production of solar cells, assuring that the wetting of the photoactive ink is similar 

as in the actual solar cells. The photoactive ink is a PDPP5T:[70]PCBM (1:2 weight 

ratio) blend in chloroform, with a polymer concentration of 6 mg mL-1. Spin coating 

is done at 2000 rpm. 

Dry layer thicknesses are measured with a Veeco Dektak 150 profilometer. 

For the photoactive materials, the extinction coefficient k(λ) is calculated from 

absorption spectra for three different layer thicknesses measured on quartz 

substrates. The absorption spectra are measured with an integrating sphere in a 

Perkin Elmer Lambda 900 and are corrected for reflection. The Kramers-Kronig 

relation is used to calculate the refractive index n(λ) from the extinction coefficient. 
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2.5.3 Calculating the wet layer thickness by peak counting 

In Figure 2.14 the results are shown for the spin coating of a photoactive blend 

from chloroform. At this spin coating speed the layer is dry within one second, as 

can be inferred from the constant intensity of the reflected light after ~0.75 seconds. 

At this point, we know the layer thickness is equal to the dry layer thickness, as 

measured by profilometry. Now, by going backwards in time we can reconstruct the 

wet layer thickness. For every half interference fringe (a peak-valley or valley-peak 

transition in reflected intensity) the layer thickness has to be increased by ∆� from 

Equation 2.12, which is approximately 100 nm. This is schematically indicated by 

the green arrows in Figure 2.14. The peak selection is implemented in a script in 

Wolfram Mathematica 9.0 and always checked manually. 

0

1

2

3

4

5

6

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0

0.2

0.4

0.6

0.8

1.0

 

 

 

T
h

ic
k

n
e

s
s

 (
µ

m
)

Time (s)

 

R
e

fl
e

c
te

d
 i

n
te

n
s

it
y

 (
V

)

d
ry

 l
a

y
e

r

 
Figure 2.14. The bottom plot shows the intensity of the reflected laser light during spin coating of a 

PDPP5T:[70]PCBM solution in chloroform at 2000 rpm. The repetitive occurrence of constructive and 

destructive interference is clearly observed. The green arrows indicate how backwards peak-counting 

is used to determine the evolution of wet layer thickness with time. 

Two subtleties have to be taken into account. First, the transition from the last 

peak to the final dry layer does not constitute a full peak-valley transition. The ratio 

of the final reflected intensity to the intensity at the final interference peak is used to 

correct for this. Also, Equation 2.12 contains the refractive index n of the wet film. 

This n is not constant, because the amount of solids changes in time and the solids 

have a different refractive index than the solvent. The changes are small and not very 

significant, but have been taken into account by approximating the refractive index 

by the weighted average of all components at the estimated layer thickness. 
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2.5.4 Using Fresnel equations and transfer matrix 

In addition to the peak-counting method outlined in the previous section, it is 

also possible to use the Fresnel equations12 in combination with a transfer matrix 

method13 to calculate the expected reflection of these thin-films. This method is 

implemented in a script in Wolfram Mathematica written by Steve Byrnes.14 This 

program can calculate the fraction of light which is reflected, absorbed, and 

transmitted through a planar structure with multiple layers. The required input is 

the wavelength, the angle of incidence and for each layer in the stack the thickness 

and the complex index of refraction [f = [ + ZG. For the final films, these values are 

measured or can be found in literature.15 For the wet film, the weighted average 

refractive index of the solvent and the final photoactive film is used (see Table 2.02), 

which of course is only a rough estimate.  

Because absolute light intensities are not known, both the Fresnel calculations 

and the measured reflected light intensity (Figure 2.14) are normalized. When the 

film has fully dried, in principle everything is known and thus the Fresnel 

calculation should predict the final reflected light intensity. Due to errors in all 

parameters, this is never totally true. The layer thickness of the SiO2 is adjusted 

slightly to correct for this.  

Table 2.02. The used layer stack for the Fresnel calculations. The dry layer and chloroform are no 

separate layers, but the values are given as they are used for the wet layer. 

Layer Thickness (nm) n k 

Air ∞ 1 0 

wet layer � 
�l ∗ [Vm 	+	(� − �l) ∗ [no

�
 

�l ∗ GVm
�

 

-- dry layer �l = 110 [Vm = 1.79 GVm = 0.34 

-- chloroform - [no = 1.45 0 

PEDOT:PSS 42 1.46 0.047 

SiO2 196 1.46 0 

Si ∞ 3.88 0.02 

 

Having established the layer stack, we can continue with the calculations. 

First, we can use the thickness curve from the peak-counting method in the last 

section as input for the Fresnel calculations. In this way, we can “simulate” the 

interference curve, and check if these methods match. The results of this is shown in 

Figure 2.15. 
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Figure 2.15. The normalized measured reflected light intensity is compared to the results of the Fresnel-

method, based on a linear interpolation of the wet layer thickness as calculated using the peak counting 

method. The measurement is the same as in Figure 2.14. 

The comparison in Figure 2.15 shows a reasonable agreement between 

measurement and simulation. Also, a few differences can be seen. First, the 

normalized peak height is not reproduced over the whole curve. This is caused by 

the final constructive interference peak, which is higher in the measurement than in 

the simulation when compared to the average peak height. This peak height will be 

very sensitive to the exact values of the refractive index, which are only very roughly 

estimated in the Fresnel-method, so this discrepancy is not surprising. Second, it is 

also seen that there is a slight shift in the peaks that becomes larger when going 

backward in time. This might be caused by a small error in one of the parameters, 

either for the peak counting method or for the Fresnel-method. In the final drying 

phase, which is most important, the difference are very small. Finally, there is a large 

discrepancy in the region between the last constructive interference peak and the 

moment the film is totally dry. This is caused by the fact that the layer thickness 

which is used as input for the Fresnel method is a linear interpolation between the 

last two points from of the peak counting method. Clearly, in this region this 

interpolation is not valid. However, sometimes we are interested in evolution of the 

layer thickness in this last part of the drying. To be able to estimate this more reliably, 

we need to use the Fresnel calculations differently. 

To do this, we can use the Fresnel calculation to back-calculate the thickness 

evolution in time. Now, by starting at the final dry layer and going backwards along 

the measured reflected intensity, a time is selected where the measured reflection 

was 5% higher (or lower) than at the final state. The wet layer thickness d in the 

Fresnel simulation is increased until the simulated signal matches the measured 
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signal. This is iterated, and in this way we can also reconstruct the wet layer 

thickness versus time. After 100 points a rougher continuation is performed with 

steps of 30% reflectivity. The results of this method are shown in Figure 2.16.  

 
Figure 2.16. In (a) the normalized measured reflected light intensity is used to back-calculate the wet 

layer thickness with the Fresnel-method. The result is shown in (b), where it is compared to the peak 

counting method. 

Figure 2.16a shows that this back-calculation nicely follows the normalized 

measurement. The resulting calculated layer thickness is shown in Figure 2.16b. 

Again, the same discrepancies are seen: for early times, there is a slight difference 

between the two methods, but the relative difference is small. However, in the last 

part of the solvent evaporation (0.64-0.75 s) there is a much larger relative difference. 

While the peak counting method is not able to accurately calculate the wet layer 

thickness in this regime, the Fresnel calculation provides an accurate estimation of 

the layer thickness in this time window. 

2.6 Conclusion 

In this chapter I have introduced spin coating and explained how we can 

understand the film formation process. First, there is a flow phase, in which 

materials are radially ejected off the substrate. Second, the solvent or solvents 

evaporate. This process can be modelled surprisingly accurately by a simple 

numerical model. This model predicts final layer thicknesses, the time-evolution of 

the wet layer thickness and thus includes predictions of the solvent evaporation rate 

and the time-evolution of all component concentrations. Additionally, we can 

perform in-situ measurements during the drying of these thin films. Using a laser-

based thin-film interference setup, we can back-calculate the wet layer thickness 

during the spin coating. There is excellent agreement between these measurements 

and the results from the numerical model. 
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Chapter 3 

The dominant length scale of liquid-

liquid phase separation in spin-coated 

organic semiconductor films*

 
 

 

 

Abstract 

Organic electronic devices are often made by solution processing a multi-component 

ink. During solution processing, e.g. via spin coating, the solvent evaporates and the solid 

components deposit on the substrate. The morphology of this layer can range from well-mixed 

to extensively phase separated. To optimize device performance, it is essential to control the 

degree and dominant length scale of phase separation. Currently, the mechanism of phase 

separation induced by solvent evaporation is poorly understood. It has been shown that 

length scales are influenced by spin speed, drying time, final layer thickness and the ratio 

between the solid components, but a complete experimental dataset and consistent theoretical 

understanding are lacking. In this contribution, in-situ measurements during spin coating 

and a simple numerical model are used to understand the drying process. In addition, an 

advanced image analysis of transmission electron micrographs of films processed under a 

wide range of processing conditions is carried out. A normalized drying rate is proposed as 

the key parameter that controls the dominant length scale of phase separation. 

  

                                                           
* This chapter has been published as: J. J. van Franeker, D. Westhoff, M. Turbiez, M. M. Wienk, V. Schmidt, 

R. A. J. Janssen, Adv. Funct. Mater. 2015, 25, 855. 
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3.1 Introduction 

One of the main advantages of organic electronic devices is the ability to use 

solution processing in their assembly. Solution processing can be applied cost-

effectively on large areas using coating and printing methods. Virtually all modern 

organic electronic devices consist of multiple solid components which are deposited 

from one or more solvents. During the evaporation of these solvents a certain 

morphology is formed by the solid components, which can either remain well-mixed 

or form a well phase-separated morphology. Either of these can be desired, 

depending on the required device functionality. In organic light-emitting devices the 

dye has to be well-mixed into the host matrix.1 In organic solar cells, some degree of 

phase separation between donor polymer and acceptor fullerene is required to form 

continuous phases, but optimal length scales are limited by the exciton diffusion 

length, which is of the order of 10 nm.2 Finally, for organic ferroelectric resistive 

switches phase separation has to form columns of a polymer semiconductor inside 

a ferroelectric polymer matrix through the entire film thickness.3 Also, in other 

solution processed materials, phase separation can be a desired effect, for example 

in the fabrication of core-shell particles,4 microporous membranes,5 and ordered 

colloidal droplets.6  

Phase separation induced by a temperature quench is relatively well studied 

and understood.7 Here, both early-stage processes (spinodal demixing) and late-

stage processes (coarsening) can influence the final morphology. In the formation of 

thin films by solution processing, concentration-quench-induced phase separation 

can occur at a constant temperature due to solvent evaporation. The final thin-film 

morphology is the result of a complex combination of processes: apart from the early 

and late-stage liquid-liquid phase separation, gelation, and solidification can also 

play a role in effectively freezing a non-equilibrium morphology.  

To be able to quantitatively discuss typical size distributions in phase-

separated films, we will define a dominant length scale in Section 3.2.4. Later, we 

will show that this dominant length scale scales with an average equivalent radius 

of droplets in phase-separated morphologies. Because of this relation, the term 

“length scales” is used generic and can be used for both definitions. Length scales in 

phase-separated films, which are spin coated from three-component inks (a solvent 

and two solid components), are commonly thought to depend on either the drying 

rate or time (mainly controlled by the spin speed ω and the choice of solvent),8,9 or 

on the final thickness (influenced by ω and the initial concentration C).10 In this 
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contribution we show that these dependencies are only valid for a constant initial 

concentration C or a constant spin speed ω, respectively.  

The main focus in this chapter is on thin-films for organic solar cells, which 

are made by spin coating a three-component ink: a semiconducting polymer is 

mixed with a fullerene derivative in a common solvent. In many un-optimized 

photoactive layers, fullerene domains are formed inside a polymer matrix with 

diameters up to a few hundred of nanometers. These droplet-like fullerene domains 

originate from liquid-liquid phase separation.9,11 The relation between the 

morphology and device performance of solar cells with droplet-like fullerene-rich 

domains in a mixed polymer-fullerene matrix has been subject of several studies9,12−14 

The studies reveal that the droplet morphology is generally not beneficial to device 

performance: efficient solar cells require smaller length scales. Thin films with 

smaller length scales are commonly made by adding an extra solvent and thus 

processing from a four-component ink.15 

Although these droplet-like morphologies are not directly relevant to high-

performing solar cells, the relevance of these three-component inks is twofold. 

Firstly, we are currently far from understanding the complex processes that 

determine the length scales when processing four-component inks to an optimized 

solar cell. The increased understanding of three-component inks is a step towards 

the goal of finding the relations between processing and morphology. Secondly, 

length scales in these droplet-like morphologies are important for other applications, 

for example the organic ferroelectric resistive switches or the fabrication of 

microporous membranes. For this reason, in this contribution we investigate the key 

parameters that control the dominant length scale in blend films, formed by phase 

separation of three-component mixtures. Late-stage Ostwald ripening16 is a possible 

origin of the experimentally observed dependency of these length scales on drying 

time.9 However, it is expected that the amplification of a characteristic length scale 

in the early-stage spinodal demixing process can also contribute to length scales in 

the dry blend films.7 

 We use in-situ measurements to study the kinetics of film formation from 

three-component inks to obtain real-time information on layer thickness and phase 

separation during spin coating. A relatively simple model, introduced in Chapter 2, 

is used to understand these drying curves. This is combined with advanced image 

analysis of transmission electron micrographs of dry films. We find that the 

dominant length scale of phase separation scales with a normalized drying rate over 

two orders of magnitude. We show that this scaling of dominant length scale to 
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normalized drying rate can originate both from a dependency of length scales on 

quench rate in early-stage spinodal demixing as well as from a dependency of length 

scales on coarsening time in late-stage ripening processes. 

3.2 Results 

3.2.1 Combined in-situ monitored drying and length scale analysis 

Several optical in-situ techniques exist to monitor film formation during spin 

coating.17 We use laser-based interference measurements to determine the thickness 

of the wet layer during spin coating. As explained in Section 2.5 of this thesis, due 

to solvent evaporation, repetitive interference maxima and minima occur when the 

layer thickness matches conditions for constructive and destructive thin-film 

interference, respectively. Then, using the final layer thickness of the dried film (hdry), 

which is independently measured with a profilometer, the wet-layer thickness 

development can be back-calculated. In addition, after the onset of liquid-liquid 

phase separation scattered light can be detected, due to the difference in refractive 

index of both phases (Figure 3.01a). An example of this measurement combination 

is shown in Figure 3.02, which is the same measurement as in Figure 2.14 of Chapter 

2, but now with the scattering data shown as well. This combination allows us to 

determine the concentration at the onset of phase separation, as well as the rate of 

solvent evaporation. These measurements are always done on the center of rotation 

to minimize disturbances and to avoid positional effects on the measured 

evaporation rate. The interference experiments are performed on silicon substrates 

coated with a layer of PEDOT:PSS, which allows the dry films to be detached by 

floating on water and subsequently analyzed by transmission electron microscopy 

(TEM). The TEM-samples are taken from the approximate location of the in-situ 

measurements. We note that the dry-layer morphologies as seen by TEM do not 

necessarily correspond to the onset or any other intermediate stage of the phase 

separation process. The purpose of this study is to relate final layer morphology to 

in-situ processing conditions.  
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Figure 3.01. The setup is schematically shown in panel (a). A slightly defocused laser beam is incident 

on the spinning substrate and during solvent evaporation the interference and scattering signals are 

collected by two separate photodiodes positioned under specular and off-specular angles. The schematic 

in (b) shows how dry films are analyzed by low-magnification TEM. At least five images per sample are 

Fourier transformed (FT), radially integrated, and averaged. Inverting the x-axis to real-space 

coordinates reveals a main peak, which indicates dominant length scale d (solid red arrow) and a smaller 

peak or shoulder at smaller distances (dotted blue arrow). In (c) the molecular structure of the used 

polymer and fullerene derivative are shown. 

The TEM image in Figure 3.01b obtained when spin coating PDPP5T and 

[70]PCBM from chloroform shows a high contrast between droplets and continuous 

matrix. The droplet phase consists of almost pure [70]PCBM, while the matrix is rich 

in PDPP5T with admixed [70]PCBM.9 The contrast in the TEM originates from both 

the electron density difference between PDPP5T and [70]PCBM and the height 

difference between droplet and matrix. This is caused by the different amounts of 

solvent present in the two liquid phases that form during drying and causes the 

[70]PCBM droplets to stick out of the dry film.9 A dominant length scale in these 

images can be determined by 2D Fourier-transformations (FTs) of the TEM images, 

as is shown in Figure 3.01b. The radially integrated FTs exhibit a characteristic main 

peak. We define the position of this peak as a dominant length scale d. Later we will 

show that d is related with the average distance between the droplet midpoints. 
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Figure 3.02. A combined interference and scattering experiment on a PDPP5T:[70]PCBM (weight ratio 

1:2) mixture, spin coated at 2000 rpm from chloroform. The green arrows schematically show how the 

wet layer thickness is reconstructed from the interference measurement. The layer thickness at the onset 

of scattering can then be determined. Because also the final layer thickness is known, the solvent 

concentration at the onset of scattering can be calculated. 

We focus on the combination of a diketopyrrolopyrrole-quinquethiophene 

copolymer (PDPP5T) with a fullerene derivative ([6,6]-phenyl-C71-butyric acid 

methyl ester, [70]PCBM) (structures are shown in Figure 3.01c) in a 1:2 weight ratio 

dissolved in chloroform. This ratio was chosen because it provides optimized solar 

cell performance when PDPP5T and [70]PCBM are spin coated or doctor bladed 

from chloroform with o-dichlorobenzene (oDCB) as cosolvent. The corresponding 

current density – voltage characteristics and TEM images for films spin coated from 

chloroform without and with oDCB are shown in Figure 3.03 and reveal that 

processing from four-component mixtures results a much smaller phase separation 

and correspondingly higher performance. As explained in the introduction, the 

purpose of this paper is to understand the parameters that control morphology 

formation and −as first step− we focus on films cast from chloroform only. 



The dominant length scale of liquid-liquid phase separation in spin-coated organic semiconductor films 

 

47 

 
Figure 3.03. In panel (a) current density – voltage curves of four different solar cells, processed by spin 

coating or doctor blading (DB), either with or without oDCB as cosolvent (solid lines under ~100 mW 

cm-2 illumination, dashed lines in dark). The large increase in generated photocurrent is caused by the 

increased interfacial area due to the smaller length scales, as shown by the TEM-images of the spin 

coated samples in panel (b).  

3.2.2 Spin coating model 

The numerical spin coating model discussed in this section is explained in 

more detail in Chapter 2 of this thesis, and summarized here only briefly. During 

spin coating two main time regimes can be distinguished. Initially rotation causes a 

radially outward flow of material. The second regime is solvent evaporation. Both 

regimes are well described by differential equations,18,19 which are coupled and 

solved numerically by Wolfram Mathematica 9.0.  

In the flow regime, the rate of thickness change (dh/dt) is proportional to the 

current thickness (h=h(t)) to the third power, and will thus decrease rapidly in time 

(Equation 2.01). However, during most of the evaporation phase, the thinning rate 

is constant (Equation 2.02). Thus, as soon as thinning due to solvent evaporation is 

sufficiently larger than the thinning due to flow, we expect the thickness to decrease 

linearly over time.  

 All input parameters for the model, except the measured ink viscosity, are 

known or can be estimated (see Section 2.3 of this thesis for details). For fast drying 

solvents it can occur that all solvent has evaporated before the spin coater had 

reached the set spin speed. Thus, it proved to be essential to include spin speed 

acceleration in the model. Considering that there are no fit parameters, Figure 3.04a 

shows that the model (lines) describes the measurements (squares) well for a wide 

range of spin speeds and concentrations. The two regimes can be seen: first rapid 

thinning due to flow, followed by a linear decrease in thickness due to evaporation.  
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Figure 3.04. Drying curves (a) and TEM images (b) for five different films of PDPP5T:[70]PCBM spin 

coated from chloroform: (1) Cpol = 3 mg mL-1 & ω = 500 rpm; (2) Cpol = 6 mg mL-1 & ω = 500 rpm; (3) Cpol = 

9 mg mL-1 & ω = 500 rpm; (4) Cpol = 6 mg mL-1 & ω = 1000 rpm, and (5) Cpol = 9 mg mL-1 & ω = 3000 rpm. 

The drying curves in panel (a) show both measurements (semitransparent squares) and the numerical 

model prediction (solid lines), as well as the onset of phase separation as measured by the onset of 

scattered light (pink circles). Measurements are translated along the time axis to coincide with the model 

at a thickness of 1 μm. The dashed line indicates how dh/dt is extracted. The scale bar in the TEM images 

is 3 μm. The inset in the TEM images shows the dominant length scale d obtained from the main peak 

in the Fourier-transformed images. 

3.2.3 Phase separation 

For PDPP5T and [70]PCBM, phase separation always occurs in the 

“evaporation” regime where the thinning rate is constant as is shown by the pink 

circles in Figure 3.04. Because phase separation occurs after flow has ceased, we do 

not detect any effect of shear forces in dry-layer morphologies. This is relevant for 

the applicability of our results to other coating processes. In fact, the performance of 

PDPP5T:[70]PCBM solar cells is very similar for spin coated and doctor bladed films 

(Figure 3.02) from chloroform. Hence, we expect that our analysis is applicable to a 

wider range of coating techniques.  

The average solvent concentration at which phase separation occurs is 80%, 

as shown in Figure 3.05. The assumption to use an average concentration is of course 

only justified if solvent evaporation from the air-exposed surface is slower than 

solvent diffusion to that surface. If the opposite was true, the surface layer would be 

depleted of solvent and thus phase separation would initiate at the surface. The fact 

that the (bulk) concentration at which the onset phase separation occurs is not 
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influenced by the drying rate verifies our assumption of a uniform “bulk” 

concentration, because for higher drying rates surface-initiated phase separation 

would occur at a higher “bulk” concentration. Also the fact that the [70]PCBM-rich 

droplets are surrounded by a skin layer of the matrix phase in cross-sectional TEM-

images9 indicates that the droplets originate in the bulk. Finally, this assumption is 

also verified by the fact that the drying model outlined in Section 3.2.2, which 

assumes a uniform solvent concentration, can accurately predict our drying curves. 

We note that we do not exclude the possibility of stratification or surface-initiated 

phase separation, but we have not seen any indication of significant effects of 

stratification. 
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Figure 3.05. The solvent content at the onset of scattering as a function of the drying rate dh/dt. The same 

dataset as in Figure 3.06 is used. Different initial polymer concentrations are indicated: green squares 

are 3 mg mL-1, dark blue circles are 6 mg mL-1, and dark red triangles are 9 mg mL-1. PDPP5T:[70]PCBM 

ratio is always 1:2. Scattering is indicative of phase separation. From this graph it is clear that the onset 

of phase separation is not a function of the drying rate. Within the margin of error, the solvent content 

at the onset of phase separation is constant, with a mean value of 80.2 ± 3.0%. 

3.2.4 Dominant length scale 

It has been suggested8,9 that length scales are determined by spin speed ω or 

the related drying rate, which is the slope in Figure 3.04a at the moment of phase 

separation (abbreviated as dh/dt). If this would be true, one would expect samples 1-

3 in Figure 3.04 (three different ink concentrations spin coated at 500 rpm) to have a 

similar dominant length scale. This is not the case, because the dominant length scale 

has doubled from 372 nm to 612 nm. Moreover, samples 1, 4 and 5 would be 

expected to show widely different length scales where in fact they are remarkably 

similar: ranging from 357 to 422 nm. Thus, the initial ink concentration cannot be 
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ignored. Figure 3.06a shows our large dataset, in which we studied three different 

initial concentrations at various spin speeds. It shows that the dependence of the 

dominant length scale on dh/dt (and thus ω) is only valid when considering a single 

ink concentration. 

It was also suggested that length scales are determined by the final layer 

thickness hdry.10 Again, this is only true when looking at a single ink concentration as 

is shown in Figure 3.06b, or at a single spin speed.10 However, Figure 3.06c shows 

very clearly that a scaling law can be found that relates the dominant length scale d 

for different concentrations and spin speeds to a normalized drying rate α, which is 

defined as the division of the drying rate (dh/dt) by the final thickness (hdry). The 

physical origin of this normalized drying rate will be discussed below. Using this 

normalized drying rate, all concentrations coincide and form a line on a log-log plot, 

which fits Equation 3.01: 

 �	 ∝ ��     with    � = ��/�


���
    and    b = −0.33 ± 0.01 (3.01) 

A similar scaling can be found if dh/dt is not divided by the final thickness, 

but by the initial concentration of solids or the final thickness squared. We believe 

that our proposed normalized drying rate α is the most plausible, because α can be 

related to two possible “determinants” of the dominant length scale, which we will 

show in Section 3.2.7. 

Equation 3.01 reveals that films with a similar thickness that have dried faster 

will have a smaller dominant length scale, because the exponent b is negative. 

Equation 3.01 also shows that when dried at the same rate, thicker films will have a 

larger dominant length scale. 
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Figure 3.06. Relationship between the dominant length scale and drying rate. Different initial polymer 

concentrations are indicated: green squares are 3 mg mL-1, dark blue circles are 6 mg mL-1, and dark red 

triangles are 9 mg mL-1. Plots (a) and (b) show that a relation between the dominant length scale and 

drying rate respectively final thickness can be found for a single solution concentration. For different 

concentrations these relations are dissimilar. The horizontal axis in (c) is the normalized drying rate α, 

which is the drying rate divided by the final thickness. Then a scaling law is found which is valid for all 

concentrations. Solid symbols indicate the main peak position from the Fourier transform, while open 

symbols represent the location of the shoulder.20 

3.2.5 Detailed analysis of TEM images 

The TEM images of the spin coated PDPP5T:[70]PCBM films are investigated 

in more detail by image analysis to determine the midpoints and size of the droplets, 

which are then statistically analyzed.21 To remove noise from the TEM images (as in 

Figure 3.07a) a mean filter is applied. Then the images are binarized using global 

thresholding, after which small features are removed by opening and closing 

algorithms. To avoid the “growing together” of separate droplets after binarization 

a watershed algorithm is applied. 
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Figure 3.07. Image analysis. TEM images are analyzed in more detail using image analysis: in (a) a 

typical original TEM image is shown which is then binarized in (b). Histograms of droplet radii are 

shown in (c), where the colors and numbers correspond to Figure 3.04. Considering the midpoints of 

droplets, in (d) the probability of encountering a neighbor within a certain distance is shown: the 

nearest-neighbor distance distribution function D(r). In (e) the pair correlation function g(r) for this point 

pattern is shown. Finally, in (f) all analysis techniques are combined. The bands are used to highlight 

the data from the FTs which is shown in Figure 3.04 as well. 

 These methods are described in more detail in ref. 21. A typical resulting 

binary image is shown in Figure 3.07b. For each sample, the binarized images are 

analyzed in three ways: in Figure 3.07c a histogram of equivalent droplet radii 

(defined as r = (A/π)½ where A is the area of the droplet) is shown; Figure 3.07d 



The dominant length scale of liquid-liquid phase separation in spin-coated organic semiconductor films 

 

53 

shows the nearest-neighbor distance distribution function D(r). The pair correlation 

function g(r), which describes the relative frequency of pairs of droplet centers with 

a distance of r to each other, is shown in Figure 3.07e. Finally, in Figure 3.07f all 

results are combined and compared with the results from FT. The first peak in g(r) 

corresponds with the peak in the FT analysis. Furthermore, by plotting either D(r) = 

50% or the average equivalent droplet radius versus the normalized drying rate, a 

similar scaling as in Equation 3.01 can be found. This strong correlation between 

these measures of length scales shows that the general use of the term “length scale” 

is valid. For example, the dominant length scale d is 2.9 ± 0.1 times larger than the 

average equivalent droplet radius. The small standard deviation shows that the 

discussion in this article is equally valid if dominant length scale was replaced by 

average equivalent droplet radius (�̅). It is interesting that the histograms in Figure 

3.07c show at most a small shoulder peak, even though there is a clear shoulder in 

the radially integrated FTs for these images.20  

3.2.6 Other material combinations 

To check if the scaling as a function of the normalized drying rate is specific 

for our system or more general, the same type of measurements was performed for 

different material combinations. First, the influence of the ratio between PDPP5T 

and [70]PCBM was checked (Figure 3.08a). For a 1:1 ratio the same scaling can be 

found. However, the 1:3 ratio seems to divide into separate scalings for each 

concentration, which was not expected. The origin of this is unknown but might be 

related to the fact that the used [70]PCBM concentration is close to the solubility 

limit. It might also be possible that, for this ratio, the droplet size is not limited by 

phase separation but by layer thickness. A hint for this effect is the linear relation 

between dry layer thickness and dominant length scale (Figure 3.08b), which is not 

found for lower [70]PCBM concentrations (Figure 3.06b) Second, a mixture of 

polystyrene (PS) and [70]PCBM was tested to check the influence of the polymer 

(Figure 3.08c in chloroform, Figure 3.08d in o-xylene). Finally, in Figure 3.09e a 

polystyrene:poly(methyl methacrylate) (PS:PMMA) system has been used to check 

the influence of [70]PCBM. All these samples show the expected scaling of the 

dominant length scale to the relation from Equation 3.01.  
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Figure 3.08. Scaling behaviour of other material combinations. In (a) & (b) the ratio of 

PDPP5T:[70]PCBM has been varied. In (c) & (d) a combination of PS:[70]PCBM is used in different 

solvents. In (e) two polymers are combined in a PS:PMMA system. 
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The results of fitting Equation 3.01 to each system are detailed in Table 3.01. 

It must be said that the number of data points for each fit is limited, which causes 

significant uncertainty. It is striking that, within the margin of error, the fit 

parameter b is the same for each system that contains [70]PCBM. However, there is 

a significantly stronger dependence of the dominant length scale on the normalized 

drying rate for the PS:PMMA system. Finally, the solvent content at the onset of a 

scattering signal should correspond to the concentration at which the system 

becomes unstable. It is interesting to compare this with (theoretical) phase diagrams. 

For example, the phase diagram given by Kouijzer et al.9 predicts that the 1:2 system 

enters the unstable region below ~86% chloroform, which is close to the measured 

value. However, the measurement method and the limited number of samples limit 

the accuracy of these numbers for the other material combinations.  

Table 3.01. Results from the scaling law for different material systems. 

System 

 

blend 

ratio 

solvent 

 

ϕunstable a 

(%) 

d b 

(nm) 

b c 

(-) 

R2 d 

 

PDPP5T:[70]PCBM 1:1 chloroform 75 ± 6 241 0.28±0.05 0.80 

PDPP5T:[70]PCBM 1:2 chloroform 80 ± 3 355 0.33±0.01 0.97 

PDPP5T:[70]PCBM 1:3 chloroform 72 ± 6 490 0.33±0.06 0.77 

PS:[70]PCBM 1:2 chloroform 76 ± 4 548 0.35±0.04 0.87 

PS:[70]PCBM 1:2 o-xylene 71 ± 5 258e 0.35±0.04 0.89 

PS:PMMA 1:1 chloroform 87 ± 4 1044 0.54±0.07 0.82 

a The solvent content at the onset of a scattering signal. b The dominant length scale d is calculated using 

the fitted pre-factor and the exponent b with α = 100 in Equation 3.01. For chloroform-based systems α 

= 100 is a representative normalized drying rate. c Defined in Eq. 3.01. d The adjusted R2 is indicative of 

the fit-quality for parameter b, closer to 1 is better. e Note that for o-xylene α = 100 will not be reached, 

and thus length scales in reality will be larger. 

3.2.7 The origin of the dominant length scale scaling 

In the previous sections we have shown that the dominant length scale scales 

with the normalized drying rate �, which was defined as the division of the drying 

rate by the final thickness. Here we discuss the origin of this scaling parameter.  

The dry-layer morphologies which are formed during spin coating originate 

from an initial structure formed by spinodal demixing that subsequently coarsens 

until the layer solidifies.8b,9 Spinodal demixing and coarsening are driven by 

diffusion, induced by gradients in the chemical potential. We do not consider any 

flow-related mass transport in this discussion. Small length scales are expected for 

faster solvent evaporation both during the early-stage spinodal demixing as well as 

during the subsequent late-stage coarsening. For the early-stage spinodal demixing 
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an increased evaporation rate allows the mixture to become more destabilized before 

demixing so that finer structures with larger interfacial areas can be formed. For the 

late-stage coarsening an increased evaporation rate reduces the time available for 

coarsening, which also leads to smaller length scales. 

Based on in-situ experiments, Toolan et al.8b propose that the dominant length 

scale is dictated by the rate of the quench, for which they use the rate of change of 

an effective interaction parameter. Theoretically, it is expected that length scales in 

early-stage spinodal demixing originate from the rate of concentration change at the 

onset of phase separation. Both definitions of quench rate will lead to the derivation 

in Equation 3.02, but here the second approach is followed to show that the quench 

rate scales with our normalized drying rate α. The mean volume fraction of solid 

material �� is at any time given by the final thickness divided by the current 

thickness: �� = ℎ���/ℎ(�). Phase separation occurs when the system enters the 

spinodal region of the phase diagram, that is at a certain solid concentration 

���������. At that moment the thickness is given by ℎ(���������) = ℎ���/���������. We 

express the quench rate ���/�� at this moment in Equation 3.02: 

���
��

=
���
�ℎ

�ℎ
��

=
−ℎ���	
ℎ(�) 

�ℎ
��

=
−ℎ���

!ℎ���/���������"
 

�ℎ
��

=
−���������

 

ℎ���

�ℎ
��

∝ � (3.02) 

Thus, the existence of a scaling of dominant length scale to � could indicate a 

dependence of dominant length scale on the quench rate.  

 If length scales were to be determined solely by late-stage coarsening one 

would expect the dominant length scale to be related to the “time which is available 

for coarsening”: �#����$���%. An estimate for �#����$���% can be given as the time 

between initial phase separation and a totally dry layer as is shown in Equation 3.03, 

which is similar to �&', except for a constant: 

�#����$���% ∝
ℎ(�(��)�*�$)
�ℎ/��

=
1

���������

ℎ���
	�ℎ/��

∝ �&' (3.03) 

Apart from the constant ��������� the “time for coarsening” given by Equation 

3.03 is actually the inverse of the “rate of concentration change” given by Equation 

3.02. Thus, the existence of a scaling of dominant length scale to � could just as well 

indicate a dependence of dominant length scale on late-stage coarsening processes.  

Because the scaling law for the dominant length scale found in Equation 3.01 

can be related to either early-stage processes via Equation 3.02 or late-stage 

processes via Equation 3.03 the existence of a scaling does not give any information 
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about the main “determinant” of this dominant length scale. The fact that , ≈ 	−0.33 

for all systems that contain [70]PCBM might hint towards the importance of late-

stage coarsening in the determination of the dominant length scale, because this b is 

very similar to the exponent which would be expected for Ostwald ripening.9,16 

However, length scales in early-stage spinodal demixing and other coarsening 

mechanisms might play a role as well, which might be necessary to explain the larger 

b that has been found for the PS:PMMA system. 

3.3 Conclusion 

Using a combination of in-situ techniques and numerical modeling we have 

analyzed the drying process of spin coated inks that undergo liquid-liquid phase 

separation. This knowledge is essential to understand the key parameter that 

controls length scales in phase-separated films, which can be analyzed only when 

completely dry. We found that the dominant length scale does not scale with the 

drying rate or with the final thickness; however, the division of drying rate by final 

film thickness results in a “normalized drying rate” for which a scaling of dominant 

length scale is found. The scaling is valid over two orders of magnitude and 

additionally verified for several material combinations. We have shown that this 

normalized drying rate can be related to two possible “determinants” of domains 

size: (1) the quench rate, which would determine length scales by the amplification 

of an initial length scale by spinodal decomposition (early-stage), or (2) to the 

coarsening time, in which the growth of already existing domains can take place 

(late-stage, for example Ostwald ripening). The resulting dataset is important for 

further theoretical research to expand the understanding of phase separation; the 

discovered scaling factor should be reproduced by simulations. Understanding 

phase separation is essential for all organic electronic device fabrication, in which 

the optimization of the degree and dominant length scale of phase separation is 

crucial for device performance. 

3.4 Experimental  
Substrate preparation: A 40 nm thick poly(ethylenedioxythiophene):poly (styrene sulfonate) 

(PEDOT:PSS, Heraeus Clevios P VP Al 4083) layer was spin coated on UV-ozone treated silicon substrates 

(Si-Mat, 525 μm thickness, 200 nm SiO2 layer). 

Solution preparation: The diketopyrrolopyrrole-quinquethiophene polymer (PDPP5T, supplied by 

BASF, GSID4133-1) was mixed with [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM, Solenne, 90-

95%) and dissolved in pure chloroform by overnight stirring at 65 °C. The results shown in the all figures 

except Figure 3.08 are based on a polymer concentration of 3, 6, or 9 mg mL-1 and the PDPP5T:[70]PCBM 

ratio was 1:2. Figure 3.08, and all other rows in Table 3.01 are based on two solutions: both 3 and 9 mg 

mL-1 of the first indicated component is mixed with the indicated ratio of the second component. 
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Polystyrene was supplied by Sigma-Aldrich (Mw = 280 kg mol-1) and poly(methyl methacrylate) was 

supplied by Sigma-Aldrich (Mw = 350 kg mol-1). 

Spin coating: Spin speeds between 6000 and 500 rpm were used to vary the drying rate and layer 

thickness. For even lower drying rates a two-step spin program was used, where the spin coater was set 

to spin for 0.3 seconds at 500 rpm and then slow down to spin speeds between 0 and 350 rpm. The spin 

coater acceleration was always 17000 rpm s-1. Dry film thicknesses were measured with a Veeco Dektak 

150 profilometer. 

Solar cells: Spin coating was done at 2000 rpm from a 6 mg mL-1 PDPP5T solution in chloroform 

in a 1:2 ratio to [70]PCBM with the indicated amount of oDCB. For doctor blading the same ink 

concentration was used, combined with a blade height of 300 μm, coating speed of 60 mm s-1, an ink 

volume of 30 μL and a temperature of 30 °C. The current density – voltage characteristics were measured 

with a voltage sweep from −2 to +2 V using a Keithley 2400 sourcemeter. A tungsten halogen lamp was 

used in combination with a Hoya LB120 daylight filter to approximate the solar spectrum. The light 

intensity was checked with a calibrated silicon photodiode. 

Interference and scattering: Initially a Melles-Griot 5 mW, 633 nm HeNe laser was used. For thicker 

films the absorption at this wavelength was too severe and thus for some series a 830 nm Newport 

LNQ830-150C laser diode was used, which was operated at 30 °C and 60 mA by a Newport model 505B 

laser diode driver. A biconvex lens was used to spread the laser beam to a spot of ~3 mm radius, which 

effectively removes local disturbances by averaging a larger area. The specular reflected beam was 

incident on a diffuser to be able to filter out a slight wobble in the spinning disk. Behind the diffuser a 

Thor Labs SM1PD1A photodiode collected the light. The short-circuit current of the photodiode was 

amplified by a Stanford Research System Model SR570 current preamplifier operated in high-bandwidth 

mode. Off-specular scattered light was collected by a Hamamatsu S2281 photodiode under a ~45° angle 

and amplified by a second SR570. Both amplified signals were then measured as a voltage by a Keithley 

2636A sourcemeter. A test-script protocol (TSP) script was used for simultaneous two-channel 

measurements. A time resolution between 0.5 to 2 ms was chosen, depending on the total drying time. 

Thickness calculation: The interference pattern was analyzed by an automatic peak and valley 

selection script in Wolfram Mathematica 9.0. The automatic selection was always checked manually. The 

thickness was backwards reconstructed from the interference signal and the dry layer thickness by 

repetitive addition of 
1

2	3	456(7)
 (~100 nm) for each encountered peak or valley. Here, λ is the wavelength 

of the laser and θ is the angle of incidence of the laser on the substrate. The refractive index n is estimated 

using a weighted average based on the approximate volume fractions of all components. 

TEM: Ultra-pure water was used to dissolve the PEDOT:PSS and float the films on 200 square 

mesh copper grids. A Tecnai G2 Sphera TEM (FEI) was operated at 200 kV. Magnifications as low as 550× 

were used for the systems with the largest length scales, while for the smallest length scales a 5000× 

magnification was used.  

FT image analysis: A 2D Fourier-transform was applied to at least five images per sample, using 

the ImagePeriodogram function in Wolfram Mathematica 9.0. These were radially integrated by taking 

the mean value of all pixels at the same distance from the center. The resulting 1D FTs were averaged for 

each sample. The x-axis was converted to real space, while the y-axis gives average pixel intensity I(x). 

The main peak was selected automatically as the mean x-value of all points with I(x) > 0.9 × (Imax − Imin), 

with the corresponding standard deviation. A reliable automatic shoulder position could only be 

obtained by finding the point with the smallest slope at distances lower than the main peak. This does 
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not identify the actual shoulder position but is reliably and consistently related to its position. Both main 

peak and shoulder were always checked manually. 

Image Analysis: The image analysis in Figure 3.07 has been done in a cooperation with Ulm 

University. For detailed experimental description, see ref. 21. 
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Chapter 4 

Time-resolved in-situ laser and X-ray 

scattering on sub-micron liquid-liquid 

phase separation in drying polymer 

blends*

 
Abstract 

Solution-processed thin films with phase-separated morphologies have applications in 

many fields, such as organic electronics and block-copolymer nanofabrication. These films 

are often made by spin coating a multi-component blend, consisting of a solvent and one or 

more solids. Phase separation occurs during solvent evaporation, which can lead to complex 

structures such as layered structures, bicontinuous phases or droplet-like morphologies. The 

latter morphology is observed for the mixture studied here, consisting of polystyrene (PS) 

and a fullerene derivative ([70]PCBM) dissolved in o-xylene. We study these droplets in 

detail by (cross-sectional) transmission electron microscopy (TEM), atomic force microscopy 

(AFM) and grazing incidence small angle x-ray scattering (GISAXS). We found excellent 

correspondence between the average interdroplet distance extracted from TEM and GISAXS. 

To elucidate the formation of these droplets, in-situ GISAXS measurements were performed 

during spin coating. By combining GISAXS with in-situ thickness measurements and laser 

scattering we show that there is an onset of weak X-ray scattering at the same moment as 

observable light scattering appears (solvent content ~70%), which is attributed to the 

moment when highly-swollen [70]PCBM-rich domains start to form inside a PS-rich matrix. 

However, the development of a well-defined X-ray scattering peak related to the interdroplet 

distance is delayed and appears only when the solvent content is ~40%. We attribute this to 

the moment when the [70]PCBM-rich droplets start to protrude from the PS-rich matrix, 

after which the enhanced surface roughness dominates the GISAXS signal. 

                                                           
* This chapter is submitted for publication as: J. J. van Franeker, D. Hermida-Merino, C. Gommez, K. 

Arapov, J. J. Michels, R. A. J. Janssen, G. Portale 
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4.1 Introduction 

Solution processing is greatly appreciated in many device manufacturing 

fields due to its ease and flexibility.1,2 Independent of the technological application, 

control over the structure and size of the formed morphology of the solution-

processed materials is required. For example in organic photovoltaic cells the 

morphology has a profound effect on the solar cell efficiency.3 To achieve 

morphological control, understanding of the processes that determine the final 

structure is crucial.4 The length scale and morphology of the final structure strongly 

change from several microns to a few nanometers depending on the processing 

method and conditions, solvent quality and cosolvent content. Possible 

morphologies include bicontinuous phases, with length scales above 1 µm,5 droplets 

with a size of multiple micrometers6 or below one micrometer,7 fibrous networks8 

and homogeneously mixed films.9 

Among the structural investigation techniques that can be applied for in-situ 

studies, real-space imaging is a powerful in-situ method to understand phase 

separation on > 1 µm length scale.5,6 Scattering and diffraction X-ray synchrotron 

based techniques like grazing-incidence wide/small-angle X-ray scattering 

(GIWAXS and GISAXS) have been used to investigate structures with < 100 nm 

length scales.10 To the best of our knowledge, in-situ methods that enable the 

investigation of length scales in the range 100 – 1000 nm are hardly available. These 

dimensions are too small for optical microscopy and complicated to analyze by 

visible light scattering, because the feature size is similar to the wavelength of visible 

light. Here we used in-situ synchrotron GISAXS with a time-resolution of 30 ms to 

study the formation of droplets with dimensions on the order of hundreds of nm, in 

a ternary system consisting of two solid components dissolved in an evaporating 

solvent during spin coating. 

Due to the small wavelength of the X-rays, the scattering angle (2θ) of in-plane 

features with a typical length scale of ~500 nm is on the order of 0.006°, thus very 

large sample-to-detector distances are necessary to resolve such small scattering 

angles. We are able to resolve scattering features from droplet-like morphologies 

with interdroplet distances of 300 – 1000 nm using in-situ GISAXS with a sample-

detector distance of 7.5 meters and a wavelength of 0.1 nm. There is excellent 

agreement between electron microscopy, atomic force microscopy, and the GISAXS 

scattering features of the final layer morphologies. For the in-situ measurements it is 

necessary to couple the X-ray scattering to real-time thickness measurements. In this 

chapter, we combine the X-ray analysis with laser interference and laser scattering.4 
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We observe phase separation in-situ with both GISAXS scattering and laser 

scattering. This allows analyzing the temporal evolution of the film formation 

during drying in terms of thinning of the liquid layer, followed by phase separation 

and the formation of liquid droplets in a liquid matrix, via solvent fractionation to 

dry films that feature a surface corrugation, because the two liquid phases contain 

different amounts of solids. This complex sequence of events occurs within 200-300 

ms. 

4.2 Results 

4.2.1 Dry-layer morphology by TEM and AFM 

During spin coating of polymer:fullerene blends that undergo liquid-liquid 

phase separation droplet-like morphologies can be formed. These morphologies are 

often observed for materials used in organic solar cells and relatively well-

studied.4,7,11 Here, we repeat and extend this analysis for the solutions studied here, 

which consist of a 1:2 weight ratio blend of polystyrene (PS) and [6,6]-phenyl-C71-

butyric acid methyl ester ([70]PCBM) in o-xylene. This material combination is not 

photoactive, but displays the same morphological behavior as the photoactive 

blends4 and is thus used as model system. Images from transmission electron 

microscopy (TEM) and atomic force microscopy (AFM) shown in Figure 4.01 

confirm that these solutions form droplet-like morphologies by spin coating. The 

darker contrast in the cross-sectional image indicates the droplets are [70]PCBM-

rich, while the matrix-phase is PS-rich. This is similar to morphologies formed by 

photoactive blends.4,7 The average interdroplet distance is extracted from low-

magnification TEM images by a Fourier-transformation (Figure 4.01d).4 From the 

AFM images we can extract the slope at the edge of the droplets (Figure 4.01e), which 

corresponds to an angle of ~16°. This value is smaller than the ~25° that can be 

measured in the cross-sectional TEM-image in Figure 4.01c. However, the latter 

value is only based on a very small amount of droplets. 
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Figure 4.01. Analysis of the final morphology for PS:[70]PCBM thin films obtained by spin coating a 

6:12 mg mL-1 solution in o-xylene at 2900 rpm. (a) TEM image. (b) AFM height image. (c) Cross-sectional 

TEM. All layers are clearly visible, starting from the bottom: Si | SiO2 | PEDOT:PSS | PS:[70]PCBM | 

Pt. The Pt is used as protective layer when making the cross-sectional sample. (d) Fourier transform of 

a low-magnification TEM image, which shows a clear peak (indicated by the red arrow) that 

corresponds to an average interdroplet spacing of ~580 nm. (e) Analysis of the AFM images, the steepest 

slope at the edge of all droplets is calculated and plotted in the histogram. The dominant slope, as 

indicated by the orange arrow, is 29% or about 16°. In (f) two higher magnification images of the cross-

sectional TEM-sample are shown, with measurements indicating approximate layer thicknesses for two 

different droplets. 

4.2.2 Dry-layer morphology by GISAXS 

The morphology of the [70]PCBM domains can be comprehensively studied 

by GISAXS as well. A 2D GISAXS map of a similar sample as in Figure 4.01 is shown 

in Figure 4.02. Five main features are generally detected in these images for all 

analyzed PS:[70]PCBM thin films: i) the specular reflected beam at αf = αi = 0.24°, 

blocked by the beam stop and indicated as S in Figure 4.02a; ii)  the Yoneda region 

denoted with Y where the Yoneda peaks of the materials appear; iii) one main 

correlation peak along the horizontal direction, located at small 2θf angles (or small 

qy values) and indicated as qymax in Figure 4.02b; iv) several modulations of the 

intensity along vertical αf direction (or qz direction); and v) some tilted out-of-plane 

rods of scattering indicated as RoS. In all the GISAXS patterns the region around αf 

= 0.1° is dominated by a maximum along the perpendicular direction, the so-called 

Yoneda peak (feature ii), that is given by the maximum of the Fresnel transmission 

function and is located at exit angles equal to the material critical angle.12 The 

presence of a main correlation peak (feature iii) located at qymax in the in-plane 
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direction is related to the existence of an average interdroplet distance that can be 

derived using the Bragg's law as dinterdrop = 2π/qymax. The broad nature of this 

correlation peak and the lack of any higher order reflections denote an in-plane 

lattice without long range order for the [70]PCBM droplets. This is in agreement 

with the TEM picture of Figure 4.01a. For the sample obtained by spin coating a 6:12 

mg mL-1 solution in o-xylene at 2900 rpm an interdroplet distance of 560 nm is 

observed in agreement with the value extracted from the TEM images. The intensity 

oscillations (feature iv) present in the vertical cuts (Figure 4.02c) are related to the 

characteristic length scales of the objects in the direction perpendicular to the 

substrate. In particular, two main frequencies are observed in Figure 4.02c: one at 

high qz values with frequency of about 0.18 nm-1 (H ~ 35 nm, indicated by the red 

circles), which we attribute to the part of the [70]PCBM which protrudes from the 

surface, and another at higher frequency immediately after the Yoneda band 

(indicated with green squares). These high frequency modulations are produced by 

the existence of a layer between the substrate and the [70]PCBM droplets and the 

main frequency is related to the layer thickness and to the angle of incidence used. 

The thickness of this layer and the height of the droplets can be extracted with 

precision by simulating the 2D GISAXS images as described below. 

Interestingly, the out-of-plane scattering intensity is dominated by several 

inclined streaks or rods of scattering (RoS, feature v).  Inclined RoS are usually 

expected and have been observed for faceted islands, where the tilt angle between 

the RoS and the normal to the surface gives directly the tilt angle between the facet 

and the substrate.13 Inclined RoS are also expected in GISAXS from objects with 

curved surfaces like the hemispheroidal shape of the droplets.14 Since the inclined 

RoS are related to the statistical dependence of the particle diameter and height,15 

their inclination is directly related to the flattening of the objects. The tilt angle 

between the RoS and the surface normal in Figure 4.02a is about 22°. This compares 

well to the angle of 16-25° extracted from the AFM/TEM.  
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Figure 4.02. (a) GISAXS image for PS:[70]PCBM thin films obtained by spin coating a 6:12 mg mL-1 

solution in o-xylene at 2900 rpm. (b) In-plane GISAXS intensity as a function of the lateral scattering 

momentum qy calculated at qz = 0.5 nm-1, that is at the Yoneda position of the 0.24°. (c) Vertical GISAXS 

intensity as a function of the normal scattering momentum qz calculated at qy = 0.011 nm-1. The angle of 

incidence was αi = 0.24°, larger than the critical angles for the studied materials. 

4.2.3 Modelling of the GISAXS scattering 

The GISAXS images are investigated by comparing them to simulations of 

different morphological models.16 Among the tested morphologies, we found that 

the shape of droplets is well described by an ensemble of flattened hemispheroids. 

The modelled GISAXS image is shown in Figure 4.03b. For a side-by-side 

comparison the measured GISAXS image (Figure 4.02b) is shown in Figure 4.03a on 

the same scale as the modelled image. The broad correlation peak along qy (feature 

iii) is well described using an interference function for an ensemble of particles 

without long-range order to describe the lateral correlation among the droplets. The 

calculated dinterdrop is 500 nm, which corresponds well to the value calculated using 

Bragg’s law (560 nm) and the value extracted from the Fourier transformations of 

the TEM-images (580 nm). The GISAXS simulation gives an average radius of 150 

nm for the droplets, which is also in close agreement with the cross-sectional TEM 

image (Figure 4.01c). 

Figure 4.03c compares the “real” morphology (from the cross-sectional TEM) 

to the morphological model used to simulate the GISAXS scattering profile. In the 

model, it is evident that the main contrast originates from the parts of the droplets 

that protrude from the PS-rich matrix. The number, position and tilt angle of the 

inclined RoS together with the modulation of the intensity at high angles in the 

vertical direction, defines uniquely the flattening of the [70]PCBM droplets. The 

value of H used in the model (38 nm) corresponds well with the values extracted 
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from the cross-sectional TEM (~35 nm). Thus the low frequency oscillations (marked 

with red circles in Figure 2c) correlate with the height of the [70]PCBM parts that 

protrude from the PS-rich matrix. The high frequency oscillations occurring right 

after the Yoneda region are well reproduced by a polymer layer between the 

substrate and the [70]PCBM droplets with total thickness L of 80 nm. Comparing 

this value with the cross-sectional TEM, we found that L = 80 nm is most likely 

related to the sum of the thickness of the PS-rich matrix and the PEDOT:PSS layer. 

Again, this indicates that the main contribution to the GISAXS scattering pattern 

originates from the fraction of the [70]PCBM droplets that protrudes from the 

surface. 

 

Figure 4.03. (a) Experimental GISAXS image and (b) simulated 2D scattering pattern from an ensemble 

of [70]PCBM hemispheroids with R = 150 nm, H = 38 nm lying on a thin polymer layer of thickness L = 

80 nm on a Si substrate. A Gaussian distribution of R with sigma of 0.25 has been used to take into 

account for the lateral size polydispersity. The roughness of the thin polymer layer is about 4 nm. The 

average distance between hemispheroidal droplets is 500 nm. (c) Schematic depiction of the simulated 

morphology vs the real morphology as observed from microscopy. 

In summary, analysis of the features contained in the 2D GISAXS images 

provides a powerful tool for the detailed analysis of the [70]PCBM morphology in a 

single measurement and with great accuracy over a probed surface of several mm2, 

a task that is difficult to achieve with other techniques. 

4.2.4 Laser-based measurements during spin coating  

The droplet-like morphologies studied in the previous section originate from 

liquid-liquid phase separation.7,11b This droplet formation thus occurs in a layer that 
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is still wet, i.e. there is still a significant amount of solvent present. To study the 

process of droplet formation, we have to focus on the real-time dynamics, shortly 

before the spin coating film dries. We have thus used a combined multi-technique 

approach to study the system evolution in real-time over different length scales. 

Measuring the time-evolution of the layer thickness is essential as it allows to 

calculate the volume fraction of solvent and solids over time. Laser interference is 

chosen to study the time-evolution of the wet-layer thickness, as this is relatively 

easy to implement experimentally and is very fast.4,17 The incident laser is reflected 

both on top of the wet film, and on the film-substrate interface. The decreasing layer 

thickness (because of solvent evaporation) causes a repetitive occurrence of 

constructive and destructive interference between these two reflections. This results 

in an oscillation of the intensity of the specularly reflected laser beam, as shown in 

Figure 4.04a (red curve). By measuring the dry layer thickness with profilometry 

and using a back-calculation algorithm we extract the thickness evolution during 

spin coating. In the second panel of Figure 4.04a two different calculation algorithms 

are used. First, a peak-counting method is employed. For a better reconstruction in 

final portion of the interference curve a transfer-matrix method is used to solve the 

Fresnel-equations.18 See Chapter 2 of this thesis for more details. It must be stressed 

that both methods assume a perfectly flat layer, which is evidently not true for the 

final film. This will cause a discrepancy in absolute values of solvent content 

calculations. However, we believe that all trends which we observe are real and not 

significantly affected by this assumption. 

Apart from the specular reflection of the laser, a significant fraction of the 

incident laser is scattered onto off-specular angles.4,17b A fraction of this scattered 

light is measured by a second photodiode and displayed as well in Figure 4.04a (blue 

curve). Note that because of the high intensity of specular reflected light, some of 

the interference signal is also collected by the scattering photodiode and 

superimposed to the scattered signal. However, the onset of light scattering can be 

clearly seen at tonsetLS ~ 4.78 s. This light scattering can be caused by both surface 

roughness and refractive index contrast between different domains. We relate the 

onset of light scattering during spin coating of a PS:[70]PCBM blend to the onset of 

phase separation. However, any particular length scale can be associated to the onset 

on the laser scattering, as we only probe the amount of scattered intensity. 
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Figure 4.04. Summary of the structural evolution during spin coating of a 6:12 mg mL-1 PS:[70]PCBM 

solution during spin coating at 2900 rpm followed in real time using three different techniques 

simultaneously. (a) Time evolution of the spin coated layer, where laser interference (top panel) is used 

to calculate the film thickness (second panel), and both laser scattering (third panel) and in-plane 

GISAXS peak intensity (bottom panel, lines to guide the eye). The vertical dashed line indicates the onset 

of the laser scattering (tonsetLS = 4.78 s). The onset time for the correlated GISAXS peak is tonsetGISAXS = 

4.95 s. (b) and (c) Evolution of the in-plane GISAXS intensity along qy as a function of time. The spin 

coater is started at t = 0 s.  

4.2.5 GISAXS measurements during spin coating  

Our goal was to study the phase separation and the nanostructure evolution 

of the drying solution during spin coating in more detail. Due to the typical 

interdroplet distances of typically 100-1000 nm, GISAXS experiments performed 

with large sample-to-detector distance (7.5 m) and coupled with large 2D area 

detector have been used to measure the droplet formation on a scale from 10 to 1000 

nm. It should be stressed that three measurements (laser interference, laser 

scattering and GISAXS) are performed simultaneously during spin coating with 

high temporal precision. The spinning motor of the spin coater device is started at t 

= 0 s, which triggers both laser-based experiments and GISAXS to start 

simultaneously.  

The orange symbols in Figure 4.04a show the evolution of the in-plane 

GISAXS peak intensity as a function of time. The in-plane GISAXS peak intensity is 

proportional to the extent of phase separation and to the electron density contrast in 
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the system. An additional contribution to the peak intensity in the GISAXS signal is 

also coming from corrugation of the surface, i.e. surface roughness. A detailed 

discussion about all the different contributions to the GISAXS intensity is given 

below. Due to the absence of any structural features in the solution directly after 

starting the spin coating, the GISAXS intensity is given by the incoherent X-ray 

scattering. The scattered intensity is proportional to the amount of sample crossed 

by the X-rays. The diffuse GISAXS intensity first strongly decreases as a consequence 

of the lateral ejection of a large portion of the solution in the first stage of the spin 

coating process (t < 0.3 s). The intensity subsequently decreases with time as a result 

of the change in thickness of the drying wet layer. Following that, at first a modest 

increase of the in-plane GISAXS intensity is observed which coincides with the onset 

of laser scattering (tonsetLS ~ 4.78 s) as a result of the beginning of phase separation. 

Here the [70]PCBM-rich and PS-rich domain are highly swollen and the contrast 

between the two phases is still low. Despite the fact that the intensity increases, a 

clear correlation peak is still not present. The intensity increases slowly until 

tonsetGISAXS = 4.95 s where a sharp intensity increase is detected. The GISAXS intensity 

reaches rapidly its final value in about 0.15 s. We anticipate that the sharp increase 

of the in-plane GISAXS intensity is associated with a faster drying of the [70]PCBM 

domains, which causes the [70]PCBM domains to protrude from the PS-rich matrix 

in the final stage of drying. This is explained in detail in the discussion in Section 

4.3. 

For this sample, the delay between the laser scattering onset and the 

appearance of a correlated GISAXS peak is 0.17 s. In general, this delay ranges from 

0.08 to 0.33 s and has been observed in all our experiments. The delay in the onset 

time detected by the two measurements decreases by increasing the spin coating 

rate. The observed delay is significantly larger than the time uncertainty of either of 

the two measurements (± 5 ms for the onset of laser scattering and ± 15 ms for 

GISAXS). 

The evolution of the in-plane GISAXS profiles as a function of time is reported 

in Figure 4.04b and Figure 4.04c for the experiment at 2900 rpm. At tonsetGISAXS = 4.95 s 

a weak peak centered at qy = ± 0.011 nm-1 appears. This peak is associated with an 

interdroplet distance of about 570 nm. This value is in agreement with static GISAXS 

measurements and TEM. In time, the peak becomes more intense and it reaches its 

maximum intensity after about 0.15 s. Interestingly, no significant peak shift is 

observed for all the spin coating conditions used, i.e. once observed by GISAXS the 

droplets do not change significantly in the lateral position. This is an indication that 

the number of droplets does not change over time. 
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4.2.6 Influence of drying rate 

Chapter 3 of this thesis shows that the evolution of the interdroplet distance 

scales with a normalized drying rate (the drying rate divided by the final film 

thickness) rather than the drying rate or the film thickness.4 We have thus plotted 

our results for the interdroplet distance of the PS:[70]PCBM films as a function of the 

normalized drying rate (Figure 4.05a). As expected, the evolution of the interdroplet 

distance obtained both by GISAXS and TEM scales with the normalized drying rate 

α according to dinterdrop = αb (Figure 4.05a). Considering the limited range of drying 

rates in this experiment, the exponent b calculated from both the results of TEM (b = 

−0.35 ± 0.04) and GISAXS (b = −0.26 ± 0.04) is in agreement with the previously 

reported data (b = −0.35 ± 0.04).4 

The solvent content at the onset of the laser scattering is calculated to be 70 ± 

5 vol. % (Figure 4.05b), independent of the normalized drying rate. On the other 

hand, the steep increase in the GISAXS intensity at the tonsetGISAXS always occurs 

shortly before the final film thickness is reached, i.e. when most of the solvent has 

evaporated. The GISAXS signal levels off exactly when the final film thickness is 

reached, as all the solvent has evaporated and the system cannot further evolve. The 

solvent content at the onset of the correlated GISAXS signals is always below 60 

vol. %. As the time resolution of GISAXS is lower than the one of the laser scattering 

and the solvent content is low, the solvent content at the GISAXS onset is subject to 

a larger uncertainty. However, the difference in the onset time (i.e. in the solvent 

content) measured by laser and GISAXS is well above the experimental errors. The 

solvent content at the onset time for laser scattering is invariant with the normalized 

drying rate. Due to the fast drying rate and thin layer, the solvent content at the 

GISAXS onset for the fastest-dried films is probably over-estimated, and we thus 

expect the onset of GISAXS signals to be invariant with drying rate as well. 
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Figure 4.05. (a) The interdroplet distance of dry-layer morphologies as a function of the normalized 

drying rate. (b) Solvent content at the onset of the laser scattering (blue squares) and at the onset of the 

correlated GISAXS scattering (orange circles). For laser scattering, the error bars indicate the difference 

between using the peak-counting method and the transfer-matrix approach. For the orange points, the 

transfer-matrix approach is used and error bars are based on the time uncertainty in the GISAXS onset. 

4.3 Discussion  

Based on the in-situ results shown here from the three different applied 

techniques, the following mechanism for the droplet formation can be inferred 

(Figure 4.06b). (I) In the beginning, the ternary PS/[70]PBCM/o-xylene mixture is 

homogeneous and only a change in film thickness occurs. Accordingly, the 

integrated intensity (Figure 4.04a) decreased in time as a result of the decreasing 

thickness. (II) At t = tonsetLS the system undergoes phase separation into [70]PCBM-

rich and PS-rich domains which are highly swollen (average φsolv = 70%). This is most 

probably the point where the instable region of the phase diagram is entered and 

where liquid-liquid phase separation occurs. [70]PCBM-rich droplets phase separate 

from a PS-rich matrix, which causes an increase of the laser scattering signal as 

governed by the difference in the complex refractive index. At this point, the electron 

density difference between the two phases is quite small due to the high solvent 

content and because of a possibly incomplete phase separation between PS and 

[70]PCBM. Therefore the contrast for X-rays is still low. (III) At t = tonsetGISAXS the 
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average solvent content is well below 60%. Solvent fractionation is expected to occur, 

i.e. the solvent content in the [70]PCBM-rich domains becomes lower than the 

solvent content in the PS-rich matrix due to the larger affinity of o-xylene for PS. Due 

to solvent fractionation, the [70]PCBM-rich droplets will dry faster than the PS-rich 

matrix. Because of continued solvent evaporation from the PS-rich phase, the 

[70]PCBM-rich droplets start to protrude from the PS-rich matrix. A scattering peak 

centered at qymax and related to the average interdroplet distance appears. The peak 

intensity rapidly increases, while qymax is time-independent. (IV) The solvent 

evaporation is finished and the final morphology is reached.  

At moment III, where we expect the droplets to start sticking out of the PS-

rich matrix, we expect that there is ~50% solvent left in the PS-rich phase, based on 

the thickness difference between the [70]PCBM droplets and the PS-rich matrix in 

the cross-sectional TEM. This same thickness difference of ~50% can be extracted 

from the combination of the AFM-data with the total layer thickness as measured 

with profilometry. Finally, this value agrees well with the data in Figure 4.05b: the 

solvent content at the onset of the correlated GISAXS scattering calculated from the 

in-situ thickness measurements, especially when considering that the approximation 

is only valid for flat layer. 

In further support of our conclusions concerning phase dynamics, structure 

development and solvent partitioning we calculated the approximate isothermal 

phase diagram of the ternary blend polystyrene:[70]PCBM:o-xylene by means of 

Flory-Huggins (FH) theory (see Figure 4.06a). We refer to the experimental section 

for more details. The shape and size of the miscibility gap, indicated by the binodal 

(blue) as well as the region of instability, indicated by the spinodal (green), are 

reminiscent of those calculated earlier for the photoactive blend of  PDPP5T, 

[70]PCBM and CHCl3.7 We note that due to the asymmetry resulting from the 

considerable size difference between the solid blend components, demixing yields a 

polymer-rich phase containing a significant fraction of [70]PCBM and a virtually 

pure fullerene-rich phase. 
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Figure 4.06. (a) Calculated phase diagram of PS:[70]PCBM:o-xylene; (b) Proposed scheme of the 

[70]PCBM droplet formation via demixing; The roman numbers correspond to equal points in time in 

(a) and (b). Please note that we did not show, but do not exclude droplet growth between phase II and 

III. We do not have any experimental evidence to substantiate this, but also no evidence to the contrary. 

Despite the fact that the Flory-Huggins theory is expected to, at best, give a 

semi-quantitative description of the blend, the observed phase dynamics taking 

place during solvent evaporation is in good agreement with the calculated phase 

diagram. The red arrows indicate the approximate sequence of events occurring 

during drying (schematically depicted in Figure 4.06b): I) entrance of the miscibility 

gap at 70-80 vol. % of solvent, II) composition bifurcation, III) domain coarsening 

until vitrification, where the droplets start to protrude from the polymer matrix, and 

IV) approach to the dry state. Note that the present diagram suggests demixing to 

take place at the moment the spinodal is crossed. However, due to the approximate 

nature of the Flory-Huggins equation and the uncertainty in the values of the binary 

interaction parameters, we do not exclude that demixing already starts in the 

metastable region. The fact that upon bifurcation the solvent resides preferentially 

in the polymer-rich phase, as demonstrated by the (tilt in the) tie-lines (brown), is in 

good agreement with the above given observation of protruding [70]PCBM-rich 

domains. 

4.4 Conclusion 

The PS:[70]PCBM mixture used in this study phase separates into [70]PCBM-

rich droplets inside a PS-rich matrix when spin coated from o-xylene. There is 

excellent agreement between the dry layer analysis by both electron microscopy and 

GISAXS. The final morphology of dry films is composed by [70]PCBM droplets 

protruding from the PS matrix, with the [70]PCBM height almost twice the PS 
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height. A clear in-plane scattering peak arises as a result of the average interdroplet 

distance. As expected, the distance scales with the normalizing drying rate (drying 

rate/film thickness). By using a model composed of hemi-spherical [70]PCBM 

flattened droplets arranged in a 2D disordered manner (i.e. no long range order) we 

ascribe the features in the scattering patterns to the physical droplet morphology. By 

simultaneous laser and X-ray in-situ measurements during spin coating, we detect a 

first onset of phase separation at ~70 vol. % solvent. This onset is attributed to a 

liquid-liquid phase separation based on a moderate increase of the GISAXS intensity 

with poorly defined in-plane structure. At a solvent content below 50 vol. %, there 

is a striking increase in the GISAXS scattering intensity together with the appearance 

of a well-defined in-plane scattering peak. We attribute this rapid increase in signal 

to the combination of solvent fractionation during drying and, most importantly, the 

appearance of surface features: the [70]PCBM-rich droplets start to protrude from 

the polymer-rich matrix. Surprisingly, we do not see any change in the interdroplet 

distance after the first observation of the scattering peak. This indicates that the 

entire morphology formation occurs in a very narrow time window (100-200 ms) 

between the first scattering onset and the first correlated scattering peak. We 

propose that this narrow time window should be the focus point of further research 

in order to elucidate the droplet evolution during spin coating. To elucidate the 

processes in such a narrow time window, proper material systems have to be chosen 

and sophisticated techniques with sufficiently high time resolution have to be 

employed. Our data clearly suggest that selecting a slower-evaporating solvent will 

greatly enlarge the time window for the morphology evolution. Finally, it is clear 

that the formation of surface features complicates the analysis, because two different 

factors contribute to the X-ray signals. 

In summary, we have developed a system to study the development of thin-

film morphologies with features on the 10 – 1000 nm length scale. The presented 

approach is able to detect phase separation in-situ, during spin coating, with both 

GISAXS and laser scattering. The combination with in-situ thickness measurements, 

thorough dry film analysis and GISAXS modelling provides a powerful toolset for 

the analysis of morphology formation in thin films and can be used to verify 

theoretical models for phase separation of ternary systems. The presented approach 

can be applied in the future to elucidate morphological development in-situ and in 

real time occurring during solution processing of technologically relevant materials, 

like organic photovoltaic and block-copolymers. 
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4.5 Experimental 
Substrate preparation: Silicon substrates (Si-Mat, 525 µm thickness, 200 nm SiO2 layer) were cut 

into pieces of 1×1 to 2×2 cm. These substrates were cleaned by scrubbing with a sodium dodecyl sulfate 

(Acros, 99%) solution in water, then rinsed with deionized water and finally sonicated in 2-propanol. A 

40 nm thick poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Heraeus Clevios P VP Al 

4083)  was filtered with a 0.45 µm PVDF filter before use, and spin coated at 3000 rpm. 

Solution preparation: [70]PCBM (Solenne, 90-95%) and polystyrene (Sigma-Aldrich, Mw = 280 kg 

mol-1) were dissolved in a 2:1 weight ratio in o-xylene with a polystyrene concentration of 3, 6 and 9 mg 

mL-1. These solutions were stirred for 1 hour at 90°C to dissolve all materials, and then left stirring at 

room temperature until use. 

Spin coating: A home-build spin coating setup was used to facilitate the integration in the beam 

line. The setup was built in air without cover or additional airflow. A brushless motor (Mclennan BLDC 

48) was used, which is able to reach a maximum spin speed of ~5000 rpm. The spin speed was set by 

applying a 0 - 5 V control signal. The nominal rotational velocity generated by the frequency generator 

signal was calibrated to actual spin speeds using the reflected laser signal. 

Ex-situ film analysis: The PEDOT:PSS was dissolved in water to float the films on 200 square mesh 

copper grids. A Tecnai G2 Sphera TEM (FEI) was operated at 200 kV. AFM was done on a Veeco 

MultiMode in tapping mode with Nanosensor PPP-NCHR-50 tips. Film thicknesses were measured with 

a Veeco Dektak 150. The image analysis by FT has been previously described in Chapter 3 of this thesis. 

The cross-sectional TEM sample was prepared by Kirill Arapov using a Ga focused ion beam (FIB) milling 

using a Quanta 3D FEG (FEI) dual beam microscope. 

Extracting the angle/slope of droplets from AFM: The AFM-images are loaded in Wolfram 

Mathematica 10. For all three polymer concentrations the sample spin coated at 2900 rpm was used. For 

each sample, two images are taken at both 2x2 µm and 5x5 µm range. The function GradientFilter, using 

pixel radius 1, transform the image such that each pixel turns into the steepest slope in the original image 

at that location. We now want to know the steepest slope at the edge of the droplets. For this, the function 

EdgeDetect is applied on the original images. This function uses a Canny edge detection algorithm to 

detect the edges of the droplets and gives these pixel value 1. A pixel range of 4 is used for 2x2 µm images, 

and a pixel range of 10 is used for 5x5 µm images. Then, the multiplication of the gradient image with the 

edge image yields an image with the only non-zero pixels being the gradient at the steepest edge of each 

droplet. All these non-zero pixels are averaged and transformed from pixel-dimension to nanometers, 

which results in the types of histogram shown in Figure 1e. 

Laser interference & scattering: A 635 nm diode laser (5 mW, LaserLyte Flex 635-5) was incident on 

the substrate under a ~ 45° angle. The specular reflected light was collected with a Thor Labs SM1PD1A 

photodiode positioned behind a Thor Labs ED1-C50-MD diffuser and amplified by a Keithley 428 

preamplifier. To collect the scattered light, a Hamamatsu S2281 photodiode was used. The signal was 

amplified with a Stanford Research System Model SR570 current preamplifier operated in high-

bandwidth mode. Both signal were measured by a MUSST electronic module.19 To calculate layer 

thickness from the interference pattern both a the peak-counting method was used and a script based on 

a transfer-matrix implementation of the Fresnel equations (see Chapter 2 of this thesis). The refractive 

index n of polystyrene was taken to be 1.59, with k = 0.20  For [70]PCBM the values have been measured 

as explained in Chapter 2. 
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Gracing Incidence Small Angle X-ray Scattering (GISAXS): GISAXS experiments were performed at 

the BM26B beamline DUBBLE at the ESRF,21 particularly suited for soft matter investigation with 

millisecond time resolution.22 The wavelength of the X-rays was 0.1 nm and the beam size at the sample 

position was 1×0.25 mm (H×V). A sample-to-detector distance of 7.5 m was used to cover the in-plane 

range qy = 0.0007-0.9 nm (i.e. 890-7 nm), where qy is the module of the in-plane scattering vector �� =

cos��	
 sin	(2�	), being 2�	 the in-plane exit scattering angle in the parallel direction and �	 the out-of-

plane scattering exit angle in the vertical direction. GISAXS images were acquired using a high sensitive, 

noiseless, ultrafast solid state Pilatus 1M Dectris detector. An angle of incidence of 0.24° was used. No 

background subtraction was performed as the background from the air and the empty substrate is orders 

of magnitude lower with respect to the [70]PCBM droplets. Image acquisition was hard triggered together 

with the laser reading triggering by a MUSST electronic module as soon as the spin coating motor started 

to rotate. Image framing rate was 30 Hz (exposure time of 30 ms and 3 ms readout time). Static images 

were acquired after each spin coating process with an exposure of 60 s. GISAXS intensity cuts were 

performed using a Matlab routine. The GISAXS in-plane cuts (I(q) vs qy) were calculated at the Yoneda 

peak height at an exit angle equal to the material critical angle, where the scattering of the material has 

its maximum. The in-plane intensity cuts were fitted using a sum of a Gaussian peak (to fit the zero angle 

specular peak) and two Lorentzian peaks (to fit the left and right scattering peaks from the droplet in-

plane structure). Simulation of the GISAXS images was performed suing the IsGISAXS software using 

the indexes of refraction for pure [70]PCBM (density of 1.5 g/cm3) and PS (density of 1.05 g/cm3). 

Time synchronization: Time synchronization was achieved using a MUSST (Multipurpose Unit for 

Synchronization, Sequencing and Triggering) electronic module.19 In the case of laser interference 

experiment the programmable sequencer was created and transferred to the MUSST internal memory to 

match the needs of different investigated systems. Laser interference signals were recorded with 1 kHz 

sampling rate, while the sampling rate frequency for GISAXS was 30 Hz. In addition incoming and 

transmitted beam monitor values were recorded for transmission calculations for each diffraction image. 

The entire setup was interfaced to computer, enabling complete control of the apparatus from outside the 

experimental hutch. Since the MUSST internal clock precision is at the microsecond order, the uncertainty 

in the zero time calibration and in the time of each reading/frame is very small. 

Calculation of the phase diagram: The phase diagram is calculated according to the method outlined 

in ref. 7. Using solubility parameters found in literature of δo-xylene = 18.2 (MPa)1/2,23 δPS = 19.26 (MPa)1/2 

(also ref. 23) and δPCBM = 21.3 (MPa)1/2 (ref. 24) we estimated the Flory-Huggins interaction parameters 

and the resulting phase diagram as detailed in ref. 7. 
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Chapter 5 

A real-time study of the benefits of 

cosolvents in polymer solar cell 

processing*

 
 

 

 

Abstract 

The photoactive layer of organic solar cells consists of a nanoscale blend of electron-

donating and electron-accepting organic semiconductors. Controlling the degree of phase 

separation between these components is crucial to reach efficient solar cells. In solution 

processed polymer-fullerene solar cells small amounts of cosolvents are commonly used to 

avoid the formation of undesired large fullerene domains that reduce performance. There is 

an ongoing discussion about the origin of this effect. To clarify the role of cosolvents, we 

combine three optical measurements to investigate layer thickness, phase separation and 

polymer aggregation in real time during solvent evaporation under realistic processing 

conditions. Without cosolvent, large fullerene-rich domains form via liquid-liquid phase 

separation at ~20 vol.-% solid content. Under such supersaturated conditions cosolvents 

induce polymer aggregation below 20 vol.-% solids and prevent the formation of large 

domains. This rationalizes the formation of intimately mixed films that give highly-efficient 

solar cells for the materials studied. 

  

                                                           
* This chapter has been published as: J. J. van Franeker, M. Turbiez, W. Li, M. M. Wienk, R. A. J. Janssen, 

Nat. Commun. 2015, 6, 6229. 
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5.1 Introduction 

Focussed research efforts on organic semiconductors have pushed the 

certified efficiency of single junction organic solar cells to over 10%.1 To become a 

viable technology, research is now focussing on stability and lifetime2,3 as well as all-

solution, roll-to-roll compatible production routes4,5 and the use of environmental 

friendly solvents.6,7 It is well known that the morphology of organic solar cells is 

crucial to achieve high efficiencies. 8 New materials require new solvents and new 

processing conditions to be identified that provide an optimized morphology. This 

may involve thermal annealing, solvent vapour annealing or the use of 

cosolvents.9-11 In fact, the use of cosolvents has become ubiquitous but it remains a 

skill rather than being based on a deep understanding of the dynamical processes 

that occur during solution processing of the organic layer. This chapter aims to 

investigate the formation of the photoactive layer in real time during spin coating 

and elucidate the role of cosolvents. 

Processing polymer solar cells with a cosolvent involves spin coating of a 

four-component mixture: the polymer donor and fullerene acceptor are dissolved in 

a main solvent together with a small amount (1–10 vol.-%) of cosolvent. Empirically 

it has been established that successful cosolvents have a higher boiling point than 

the main solvent and provide a higher solubility for the fullerene derivative than for 

the polymer.12 For some polymer-fullerene combinations, it was shown that the 

effect of a cosolvent is to increase domain sizes,13 which is most commonly attributed 

to polymer aggregation in solution.14,15 Contrastingly, for other combinations, the 

function of the cosolvent is to decrease domain sizes. In several polymer-fullerene 

blends, large (>100 nm) droplet-shaped fullerene-rich domains are formed when the 

film is cast without cosolvent. It has been shown that these large fullerene domains 

can originate from liquid-liquid phase separation during solvent evaporation.16,17 

When the same blend is processed with a suitable cosolvent, the large droplet-

shaped domains are not found and a much more intimately mixed morphology is 

formed that provides increased photovoltaic performance.17 Among the materials 

that show such behaviour there are several that provide very high power conversion 

efficiencies (PCEs) in solar cells. A prominent example is PTB7 that provides a well-

mixed blend and PCE = 9.2% when processed with cosolvents,18 but forms large (> 

100 nm) fullerene-rich domains and correspondingly low PCEs when processed 

from a single solvent.19-21 Other examples that give similar behaviour are PDPPTPT 

(PCE = 7.4%),22,23 PDTG-TPD (PCE = 7.4%),24,25 PBnDT-FTAZ (PCE = 7.0%),26 

PBDTTPD (PCE = 8.3%),27 and P(iI-DTS) (PCE = 4%).28 In Figure 5.01 we show the 

structures of these polymers to show their widely different chemical composition. 
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Figure 5.01. Structures of the polymers which display liquid-liquid phase separation. When mixing the 

polymers PTB7,19-21 PDPPTPT,22,23 P(iI-DTS),28 PDTG-TPD,24,25 PBnDT-FTAZ26 or PBDTTPD27 with 

[70]PCBM and cast from a single solvent, the blend films contain large (100-300 nm) [70]PCBM-rich 

domains. In each case the use of a cosolvent results in a decrease of the dimension of the phase 

separation and a concomitant increase in power conversion efficiency (PCE). 

The origin of the decrease of domain size when using a cosolvent has often 

been attributed to polymer aggregation, either in the casting solution29,30 or during 

solvent evaporation.20,31 It has also been ascribed to a reduction of fullerene 

aggregation in the casting solution.32 The lack of consensus regarding the role of 

cosolvents arises in part from the inability to study the morphology formation 

during realistic device processing conditions. In-situ studies which are performed 

during solvent evaporation can shed light on these processes. Liu et al.20,31 studied 

the drying of blade-coated and drop-cast films in which a cosolvent decreases domain 

sizes. However, during spin coating the morphologies develop in a few seconds, 

which is much faster than the drying of blade-coated or drop-cast films which takes 

1000 seconds or more. The dynamics of solvent evaporation and phase separation 

govern the final structure. In-situ studies have been performed on timescales 

corresponding to realistic processing conditions for practical applications.33-36 

However, in none of these systems cosolvents are necessary to decrease domain sizes.  
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In the following we monitor layer thickness, polymer aggregation and large-

scale phase separation during spin coating. We show for the first time that without 

cosolvent polymer aggregation occurs after large-scale liquid-liquid phase 

separation. Using a cosolvent, the aggregation of the polymer occurs at higher 

solvent content. Enough cosolvent has to be added to ensure that the onset of 

polymer aggregation occurs before large-scale phase separation can occur. 

5.2 Results 

5.2.1 The effect of cosolvents on efficiency and morphology 

For our study we use an alternating diketopyrrolopyrrole-quinquethiophene 

copolymer donor (PDPP5T) in combination with phenyl-C71-butyric acid methyl 

ester ([70]PCBM) as fullerene acceptor (Figure 5.02a). DPP-based copolymers have 

emerged as versatile small band gap semiconductors and provide PCEs up to 8% in 

combination with [70]PCBM.37 Processing PDDP5T and [70]PCBM (1:2 w/w) into an 

efficient photoactive layer requires the use of cosolvents.38 For the 

PDPP5T:[70]PCBM blend we studied the effect of cosolvent on device performance 

for two commonly used cosolvents: o-dichlorobenzene (oDCB) and diiodooctane 

(DIO). Figure 5.02b shows the distinct difference in the current density – voltage 

(J−V) characteristics for layers processed from chloroform without and with 3 vol.-

% oDCB as cosolvent. Figure 5.02c shows the PCE as a function of the used 

concentration (vol.-%) of cosolvent (oDCB or DIO). Without cosolvent, the PCE of 

this material combination is less than 2%. The PCE reaches a maximum above 5% 

for oDCB concentrations above 3 vol.-% and remains high when the concentration 

is increased up to 20 vol.-%. For DIO the maximum PCE is found for 2 vol.-% and it 

decreases again rapidly above 4 vol.-%.  
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Figure 5.02. The influence of cosolvent on performance and morphology. (a) Chemical structure of 

PDPP5T and [70]PCBM. (b) J–V curves under simulated solar illumination of PDPP5T:[70]PCBM (1:2 

w/w) solar cells processed from chloroform without and with 3 vol.-% oDCB. (c) The effect of the 

concentration of cosolvent on the PCE for oDCB and DIO. (d) Bright-field TEM images of 

PDPP5T:[70]PCBM (1:2 w/w) films spin coated from chloroform with the indicated amount of oDCB as 

cosolvent. The scale bar is 600 nm. 

The strong effect of the cosolvent on the PCE relates to the morphology as 

evidenced by transmission electron microscopy (TEM, Figure 5.02d). Using no 

cosolvent, large (i.e. > 100 nm) [70]PCBM-rich domains are formed in a polymer-rich 

matrix. This morphology originates from liquid-liquid phase separation during 

drying: due to solvent evaporation, the mixture enters the spinodal region of the 

ternary phase diagram,17 in which rapid amplification of thermal fluctuations in 

composition results in [70]PCBM-rich droplets in a polymer-rich solution, that 

persist until the film is dry. The large domains that form are detrimental for the PCE 

because the electrons generated in the mixed, polymer-rich, matrix cannot be 

collected efficiently.17,39 The domain size decreases for 1 and 2 vol.-% oDCB, although 
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larger features remain visible. At 3 or more vol.-% oDCB these larger structures are 

absent and the morphology appears to be a finely blended bulk heterojunction, 

wherein most photogenerated excitons can be dissociated and contribute to current 

generation. A similar effect of cosolvent on morphology is seen when DIO is used 

(Figure 5.03); however, only 2 vol.-% of DIO is enough to decrease the domain size 

to an optimum. 

 
Figure 5.03. TEM-images for increasing concentrations of DIO. As a cosolvent, 0 – 16 vol.-% of DIO is 

added. The scale bar is 600 nm. The same trend is visible as when oDCB is used as a cosolvent: the 

domain size decreases upon adding small amounts of cosolvent.  

5.2.2 Spin coating dynamics studied by real-time measurements 

To understand the formation of these blend morphologies, it is important to 

investigate the dynamics of the relevant processes during spin coating. We use three 

optical techniques that provide real-time information on film thickness, liquid-liquid 

phase separation and polymer aggregation during spin coating. For film thickness, 

we monitor the intensity of specular reflected laser light with a photodiode during 

spin coating. As explained in detail in Chapter 2 of this thesis, due to the decreasing 

layer thickness, conditions for constructive and destructive interference occur 

remittently (Figure 5.04a). After determining the final (dried) layer thickness, a peak-

counting method is used to back-calculate the wet layer thickness during drying.40 

Due to solvent evaporation, at some point the mixture may enter a spinodal region 

and become unstable such that liquid-liquid phase separation occurs. This causes a 
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refractive index contrast between the fullerene-rich droplets and the polymer-rich 

solution. Consequently, the droplets will scatter light (Figure 5.04b) and the onset of 

liquid-liquid phase separation can be detected by the onset of light scattering, which 

is measured simultaneously with the film thickness by a second photodiode 

positioned at an off-specular angle.  

 
Figure 5.04. Real time optical analysis of film formation. (a) The interference of incident laser light is 

monitored to measure the solvent layer thickness during drying as function of time. (b) Scattered laser 

light monitors the onset of liquid-liquid phase separation. (c) A change in the diffuse reflection of white 

light detected the change in the absorption spectrum that accompanies aggregation of polymer chains 

in solution.  

The results of two combined interference and scattering measurements are 

shown in Figure 5.05. The top panel of Figure 5.05 shows the film thickness as 

function of time, reconstructed from the interference signal. When spin coated from 

pure chloroform, the PDPP5T:[70]PCBM layer is dry within 0.8 s. The thickness-

curve clearly shows two phases: first, thinning is mainly caused by radial spreading 

of material. After that the decrease in thickness becomes linear with time, which 

indicates that thinning is solely caused by solvent evaporation. The onset of a 

scattering signal is readily detected in the solvent evaporation phase (indicated by 

the dashed dark blue line in the bottom panel) and indicates the onset of liquid-

liquid phase separation. Using the reconstructed thickness data and the dry layer 

thickness the solvent concentration at the onset of phase separation is calculated to 

be 83 ± 3 vol.-% for this example.  

Using 5 vol.-% oDCB in chloroform, the drying time increases from 0.8 to 6 s 

(note the axis break in Figure 5.05). After the initial flow phase, there is a stage where 

mainly chloroform evaporates until ~0.7 s. In the final 5 s mainly oDCB evaporates. 

This implies that during these last 5 s the oDCB concentration is much larger than 5 

vol.-%. In part, this explains why such a seemingly low amount of cosolvent can 

have such a dramatic effect. With oDCB there is no strong scattering signal, but there 

is a small step indicated by the dark red dashed line. As will be shown later this is 

probably due to small inhomogeneities caused by polymer aggregation. An 



Chapter 5 

 

86 

interference effect can also be seen in the light scattering signal. This is explained by 

the fact that interference effects cause light intensity fluctuations in the wet layer. 

 
Figure 5.05. Detecting liquid-liquid phase separation with time. Film thickness, normalized interference, 

and light scattering of PDPP5T:[70]PCBM in solvent mixtures is monitored during spin coating at 2000 

rpm. The solvent is chloroform (blue squares) and chloroform with 5 vol.-% oDCB (red circles). Green 

arrows schematically indicate the thickness reconstruction from the measured interference signal. The 

dashed lines indicate the onset of scattering. 

Using DIO as a cosolvent, a somewhat different interference pattern is found. 

When measurements are done for a characteristic spin coating time (~60 s), only a 

chloroform-drying regime is observed. A 7000 s spin coating experiment reveals that 

DIO evaporates on much longer timescales (Figure 5.06). For a DIO concentration of 

4 vol.-%, drying continues for 56 min. while spinning continuously at 2000 rpm. Such 

long spin coating is not commonly used and hence DIO-processed layers typically 

remain wet until a high-vacuum step is employed. For normal spin coating times (1–

2 min.) it is likely that the solids:DIO ratio in the chloroform-dried film is the same 

as their initial ratio.  
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Figure 5.06. Long spinning using 4% DIO as cosolvent. Two sets of measurements are combined: In the 

first the substrate was spin coated for 80 s (integration time 1 ms, plotted until the red boxes); in the 

second the substrate was spin coated for 7000 s (integration time 100 ms, plotted after the red boxes). 

For both substrates interference and transmission (will be explained in Section 5.2.3) was measured. The 

time-axis was synchronized on the peak in the transmission signal (3.2-3.8 s). Chloroform dries within 

0.8 s after starting the spin coating (3.2-4 s). After that, on relatively short timescales (4-80 s, note the 

first axis break), only noise due to spin coater rotation is seen. This noise is not visible in the first part of 

the long timescale measurement (80-115 s), due to the limited time resolution. After the second axis 

break (115-3360 s) it can be seen that the DIO does evaporate, but very slowly. A dry layer is obtained 

only after 56 min. of continuous spinning. 

5.2.3 Monitoring polymer aggregation during spin coating 

Apart from liquid-liquid phase separation aggregation of the polymer chains 

occurs during spin coating and drying of the films. To detect this aggregation the 

substrates were modified as shown in Figure 5.07. A white paint layer is applied on 

the backside of a glass substrate. On the topside of the glass substrate a titanium 

oxide (TiO2) layer is added to provide refractive index contrast to enable 

simultaneous interference experiments. On top of the TiO2 a PEDOT:PSS layer is 

used to mimic the substrate properties used in regular solar cells. The white paint is 

illuminated through the wet layer and the substrate by focussed light from a halogen 

lamp. The white paint scatters this light, which is then transmitted for a second time 

through the whole layer stack (Figure 5.04c). The off-specular scattered light is 

collected by a fibre optic cable. The fibre optic cable is connected to a spectrometer 

to acquire in-situ absorption spectra. Figure 5.08a shows the changes in the 

absorption for a PDPP5T:[70]PCBM (1:2 w/w) blend spin coated from chloroform 
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with 3 vol.-% oDCB. Directly after starting the spin coating, a decrease of absorption 

in the flow phase was observed (visible in Supplementary Movie 1, until t = 0.68 s, 

available via http://doi.org/10.1038/ncomms7229), due to material that is radially 

ejected from the substrate. In the subsequent solvent evaporation phase (Figure 

5.08a) a red shift of the optical absorption can be seen (t = 0.96–1.06 s). It is well 

known that the aggregation of π-conjugated polymers causes a red shift in the 

absorption spectrum,41 and experiments as shown in Figure 5.08a reveal when this 

process occurs.  

 
Figure 5.07. Substrates for in-situ measurements. In addition to Figure 5.04, this image details the 

substrates used for the in-situ measurements. (a) The setup for combined interference and scattering 

measurements. (b) The setup for combined interference, absorption and transmission measurements. 
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Figure 5.08. Detecting polymer aggregation with time. (a) Evolution of the absorption spectrum during 

spin coating of a PDPP5T:[70]PCBM film from chloroform with 3 vol.-% oDCB. (b) Laser interference 

(thin lines) and transmission of 780–820 nm light (thick semi-transparent lines) of PDPP5T:[70]PCBM 

films during spin coating from chloroform with different concentrations oDCB.  
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To measure polymer aggregation simultaneously with layer thickness via 

interference experiments, a band pass filtered photodiode is used which only collects 

light between 780–820 nm. The red shift in absorption can then be detected as a 

decrease in transmitted light intensity. The results are shown in Figure 5.08b for 

different concentrations of oDCB, and for different concentrations of DIO in Figure 

5.09. The decrease in transmission always occurs during the transition from the 

chloroform-drying to the oDCB-drying regime. The oDCB-drying regime takes 

much longer with increasing amounts of cosolvent and shows more interference 

peaks. Hence, for higher oDCB concentrations, polymer aggregation occurs in 

thicker wet layers with a higher total solvent content. In addition, aggregation takes 

longer and there is a larger change in transmission for higher oDCB concentrations, 

indicating that the extent of aggregation increases. As shown in Figure 5.10, this 

shifts the absorption onset in the dry films and decreases the open-circuit voltage, in 

agreement with results obtained by Kim et al.42 

 
Figure 5.09. Detecting polymer aggregation with time. Similar to Figure 5.08b, but using DIO as a 

cosolvent. Laser interference (thin lines) and transmission of 780–820 nm light (thick semi-transparent 

lines) of PDPP5T:[70]PCBM films during spin coating from chloroform with different concentrations 

DIO. 
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Figure 5.10. Absorption onset change. (a) absorption onset in dry films spin coated from with various 

oDCB concentrations. (b) the decreasing absorption onset shows a trend similar to the decrease in Voc. 

5.2.4 The solvent content at the onset of phase separation 

The total solvent concentrations where polymer aggregation starts, as 

calculated from these experiments for oDCB and DIO in chloroform, are shown in 

Figures 5.11a and 5.11b as blue circles; the pink stars represent the onset of the 

scattering signal. Without cosolvent, the onset of scattering occurs before the 

decrease in transmission. This implies that in pure chloroform liquid-liquid phase 

separation precedes polymer aggregation. Raising the amount of cosolvent to ~2–4 

vol.-% increases the solvent content at which the transmission change occurs while 

the onset of scattering still occurs at approximately the same solvent content. The 

onsets of liquid-liquid phase separation and polymer aggregation occur at 

approximately the same solvent concentration, and thus time, for cosolvent 

concentrations of 2 vol.-%. For even higher cosolvent contents the change in 

transmission and scattering signal occur at the same time, indicating that polymer 

aggregation is the cause of the (small) scattering signals.  

5.2.5 Phase separation in other polymer-fullerene blends 

To test the generality of these results, we studied two more polymers. The two 

polymers consist of a DPP unit alternating with a sequence of thiophene-phenyl-

thiophene (TPT) rings along the chain, but differ with respect to the length of the 

sides chains. The shorter 2-hexyldecyl (HD) side chains of PDPPTPT-HD result in a 

reduced solubility compared to PDPPTPT-DT with longer 2-decyltetradecyl (DT) 

side chains. For PDPPTPT-HD:[70]PCBM PCEs over 7% have been obtained.22,37 For 

both derivatives, the solvent content at the onset of scattering and at the change in 

transmission were measured (Figure 5.12) for solutions in pure chloroform and in 

chloroform with an optimized amount of cosolvent. Liquid-liquid demixing 

precedes polymer aggregation in films that are processed from solutions of 

PDPPTPT-HD or PDPPTPT-DT with [70]PCBM in pure chloroform. However, when 

using a cosolvent, the onset of polymer aggregation occurs before liquid-liquid 
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phase separation can occur. These results are fully consistent with those obtained for 

PDPP5T and [70]PCBM. 

 
Figure 5.11. Which is first: phase separation or polymer aggregation? (a) Total solvent content at the 

onset of scattering (pink stars) and at the change in transmission (blue circles at 50% change) versus 

concentration of oDCB in the initial chloroform solution (error bars for scattering arise from the time-

uncertainty in the scattering onset; thickness-uncertainty from back-calculating the interference signals 

is not included. The transmission error bars indicate 20–80% transmission change). (b) Same for DIO 

instead of oDCB. (c) Schematic phase diagram revealing the role of cosolvent in inducing polymer 

aggregation at higher solvent contents which, in turn, prevents large-scale liquid-liquid phase 

separation during drying and results in optimized morphologies.  
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Figure 5.12. PDPPTPT. (a) TEM-images of PDPPTPT:[70]PCBM solar cells, processed either from pure 

chloroform or in optimized conditions (PDPPTPT-HD: CF + 6% oDCB & PDPPTPT-DT: CF + 5% DIO). 

(b) JV-curves of the solar cells shown in a. (c) The onset of scattering and the change in transmission 

(plotted similarly to Figure 5.11) for the films shown in a. Using cosolvents the onset of the change in 

transmission is simultaneous with the onset of scattering, whereas without cosolvents scattering 

precedes the change in transmission. Thus, also for this material the cosolvent cause the onset of 

aggregation to precede liquid-liquid demixing. 

5.2.6 Role of the cosolvents 

Our interpretation of this data is clarified in Figure 5.11c. The orange arrow 

indicates the order of events when no cosolvent is used: (1) when spin coating is 

started, the chloroform concentration decreases due to evaporation; (2) at ~80 vol.-% 

total solvent content liquid-liquid phase separation occurs; (3) at ~50 vol.-% total 

solvent content the polymer aggregates. The domain size is determined in step (2) 

by the fullerene droplets which are formed by liquid-liquid phase separation. When 
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cosolvents are used, the purple arrow indicates the order of events: (1) the total 

solvent content decreases mainly due to chloroform evaporation, thus the solvent 

quality for the polymer decreases; (2) at ~80–95 vol.-% total solvent content the 

polymer starts aggregating; (3) the polymer has aggregated before liquid-liquid 

phase separation has occurred, and no large domains are formed. 

For both cosolvents, the onset of aggregation and scattering seem to start 

overlapping around 2% cosolvent content (Figures 5.11a and 5.11b). Because the 

high molecular weight fraction of PDPP5T is essentially insoluble in oDCB and in 

DIO it is not surprising that the onsets of aggregation are similar for the two 

cosolvents. The 2% cosolvent contents is also the minimal amount of cosolvent that 

needs to be added to make high-performing solar cells with small domain sizes 

(Figure 5.02). In these experiments, large-scale phase separation does not occur if the 

onset of polymer aggregation occurs simultaneously with or before the unstable 

spinodal regime in the phase diagram is entered.  

These results qualitatively agree with in-situ X-ray analyses of a blade coated 

PTB7:[70]PCBM film and a drop-cast PDPP4T:[70]PCBM sample using a cosolvent 

as reported by Liu et al.20,31 For both systems polymer aggregation occurs when the 

fullerene is still dissolved. Liu et al. propose that the formation of polymer networks 

prevents large-scale domain formation.  

5.2.7 Effect of polymer pre-aggregation 

 Combined, these observations seem to indicate that polymer aggregation 

prevents liquid-liquid phase separation. To test this hypothesis, solar cells were 

made using a solution in pure chloroform. PDPP5T and [70]PCBM were dissolved 

by stirring for 60 min. at 90 °C. This solution was allowed to pre-aggregate for six 

days during which it remains very fluid (not gelated) and without visible 

precipitation. Atomic force microscopy (AFM) of photoactive layers of solar cells 

spin coated from this pre-aggregated solution (Figure 5.13a) clearly show that 

liquid-liquid phase separation has occurred. The external quantum efficiency (EQE, 

Figure 5.13c) shows a pronounced red-shifted response, caused by the pre-

aggregated polymer. The absorption spectra recorded during drying of these films 

(Figure 5.13d) evidence that the polymer had already aggregated in the casting 

solution. The onset of absorption is similar for the pre-aggregates in solution and 

film. The same solution was then re-stirred for 20 min. at 90 °C to re-dissolve the 

aggregates and cooled to room temperature for 10 min. Figure 5.13d shows that this 

removes the pre-aggregates from the solution and therefore results in liquid-liquid 

phase separation (Figure 5.13b) when spin coating a film. Both the EQE (Figure 
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5.13c) and the changes in the spectrum recorded in-situ (Figure 5.13d) show that the 

polymer aggregates formed by pre-aggregation have a more pronounced red-shifted 

absorption onset than the aggregates formed in-situ by spin coating the reheated 

solution. Hence, the nature of the aggregates might be different. These experiments 

demonstrate that aggregation by itself is not enough to prevent liquid-liquid phase 

separation. 

 
Figure 5.13. Aggregation alone does not prevent liquid-liquid demixing. (a) AFM height image of the 

photoactive layer of a solar cell made from a PDPP5T:[70]PCBM solution in pure chloroform which had 

been left to pre-aggregate for six days. (b) AFM height image of a the photoactive layer of solar cell 

made from the same solution as in (a) that had been re-stirred at 90 °C for 20 min. and left to cool down 

for 10 min. to room temperature before spin coating. (c) EQE measurements of the solar cells in a and b 

reveal that the solar cell from the pre-aggregated solution has a more pronounced red-shifted response 

and a slightly lower photocurrent compared to the solar cell from the reheated solution. (d) In-situ 

absorption spectra showing wet and dry film absorption spectra for both solar cells in (a) (pre-

aggregated) and (b) (reheated). The measurements were vertically shifted such that the absorbance at 

925 nm is set to zero. The thickness of the active layers of both solar cells was 100 nm. 

To prevent liquid-liquid phase separation, the cosolvent induced aggregation 

must occur under supersaturated conditions at 5 to 20 vol.-% solid content in a 

mixture that is enriched in the cosolvent, which is poor solvent for PDPP5T. We 

hypothesize that under these supersaturated conditions, the polymer gelates by 

forming a fibrillar network which rapidly increases the viscosity and thus prevents 

large-scale morphology development, or that the polymer precipitates which 

prevents liquid-liquid phase separation by altered interactions between the 
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components as a consequence of the enrichment of the solution with cosolvent and 

reduced concentration of dissolved polymer. 

5.3 Conclusion 

In summary we have shown that the combination of three relatively simple 

in-situ real-time measurements can elucidate the complex processes that occur 

during the rapid drying of four-component solar cells blends. For two popular 

cosolvents and three different polymer-fullerene combinations we have shown that 

the cosolvent causes the onset of polymer aggregation to occur before liquid-liquid 

phase separation. When this aggregation occurs under supersaturated conditions, 

the formation of large [70]PCBM-rich domains is prevented. Because many 

polymer:fullerene blends exhibit very similar morphological changes when using 

cosolvents,18-27 it is of interest to study if the proposed mechanism has wider 

applicability and to what extend other effects contribute. The in-situ methods 

outlined in our study can be used for this purpose and can likely be transferred to 

in-line monitoring of drying processes in roll-to-roll deposition. Understanding the 

mechanisms underlying morphology formation will provide a more straightforward 

optimization of solar cell processing conditions. This is a necessary development 

considering the challenges that remain for organic solar cells to become a viable 

technology. 

5.4 Experimental 
Substrate preparation: Three different substrates were used: (1) Solar cells are made on pre-

patterned indium-tin-oxide (ITO) substrates (Naranjo Substrates); (2) combined interference and 

scattering was performed on silicon substrates (Si-Mat, 525 µm thickness with 200 nm SiO2 layer); (3) 

interference and absorption and transmission measurements were done on glass slides. All substrates 

were thoroughly cleaned by sonication in acetone, scrubbing and sonication in a sodium dodecyl sulfate 

solution (99%, Acros), rinsing with deionized water and finally sonication in 2-propanol. Then, on 

substrate type (3), a titanium oxide layer was prepared using a sol-gel method. Acetylacetone (50 µL, 

99+%, Acros) and titanium(IV) isopropoxide (145 µL, 97%, Aldrich) were added to 2-propanol (1.0 mL), 

spin coated at 2000 rpm and baked for 30 min. at 400 °C. Afterwards a latex-based white paint was spin 

coated on the backside of the slide at 800 rpm. Before application of the photoactive layer all substrates 

were treated with UV-ozone and covered with a 40 nm thick poly(ethylenedioxythiophene):poly(styrene 

sulfonate) (PEDOT:PSS, Heraeus Clevios PVP Al 4083) layer. 

Solar cell fabrication: For the active layer PDPP5T38 was mixed with [70]PCBM (Solenne BV, 90–

95%) and dissolved in chloroform with various amounts of cosolvents by overnight stirring at 65 °C. DIO 

(98%) and oDCB (99%) were supplied Sigma-Aldrich. The mass loading was 6 mg mL−1 for PDPP5T and 

12 mg mL−1 for [70]PCBM. Spin coating was done at 2000 rpm in air at room temperature. At room 

temperature [70]PCBM is well soluble in chloroform (61 mg mL−1)43, in oDCB (203 mg mL−1)43 and in DIO 

(63 mg mL−1)44. PDPP5T is only soluble in chloroform. In oDCB only a low molecular weight fraction of 
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PDPP5T can dissolve (see Figure 7.02 of this thesis) and it is essentially insoluble in DIO. For solar cells a 

back electrode was evaporated consisting of LiF (1 nm) and Al (100 nm).  

Solar cell characterization: Current density – voltage (J–V) characteristics were measured by 

sweeping the voltage from −2 to +2 V using a Keithley 2400 sourcemeter. A tungsten halogen lamp was 

used in conjunction with a Hoya LB120 daylight filter to simulate the solar spectrum. The total light 

intensity was checked with a calibrated Si photodiode to be ~100 mW cm−2. EQE was measured with a 

chopper-modulated 50 W Philips focusline tungsten halogen lamp in combination with an Oriel 

Cornerstone 130 monochromator. The modulated signal was amplified by a current preamplifier 

(Stanford Research System Model SR570) and measured by a lock-in amplifier (Stanford research Systems 

SR830). The measurements were converted to EQE by using a calibrated silicon reference cell. 

Real-time measurements: For interference and scattering experiments a 632.8 nm HeNe laser (5 mW, 

Melles-Griot) was used. The laser beam was spread to a spot of ~3 mm radius using a biconvex lens, 

which removes disturbances caused by the rotating sample by averaging over a larger area. A diffuser 

was used to collect all specular reflected light and to filter out a slight wobble in the spinning disk. A Si 

photodiode (Thor Labs SM1PD1A) collected the light behind the diffuser. A current preamplifier 

(Stanford Research System Model SR570) operating in high-bandwidth mode amplified the short-circuit 

current of the photodiode. A photodiode (Hamamatsu S2281) collected off-specular scattered light under 

a ~45° angle, which was amplified by a second current preamplifier. A Keithley 2636A sourcemeter 

simultaneously measured both amplified signals as a voltage.  

 Interference analysis: For the thickness calculation Wolfram Mathematica 9.0 was used to 

automatically select peaks and valleys in the interference signals, which was always manually checked. 

Using the final dry layer thickness (measured with a Veeco Dektak 150 profilometer) the thickness was 

backwards reconstructed from the interference signal by repetitive addition of )cos4/( θnλ  

(amounting to ~100 nm per peak-valley distance). Here θ is the angle of incidence of the laser on the 

substrate and λ is the wavelength of the laser. The approximate volume fractions of all components were 

used to estimate the refractive index n. 

 In-situ absorption: For absorption and transmission experiments a light from halogen lamp was 

focussed on approximately the same area as the laser light. To avoid heating, a relatively low light-

intensity was used. A fibre optic cable collected the light which was transmitted through the layer stack, 

scattered by the white paint and again transmitted through the whole stack. A spectrometer (Avantes 

Avaspec-2048x14) was used in store-to-RAM mode. Raw counts are transformed to an absorption 

spectrum using �(�) = − log
�(
�(�)��,����(�)

�,�����(�)��,����(�)
), where Im indicates the wavelength-dependent amount 

of counts. The subscript dark is a dark reference and blank is a reference measurement on the substrate 

before spin coating the active layer. For photodiode-based transmission measurements a band pass filter 

(centred at 800 nm, FWHM 40 nm) was used in front of a Si photodiode (Thor Labs SM1PD1A). This 

signal was measured in the same way as the scattering signal. 

Morphology characterization and thickness measurement: For TEM PDPP5T:[70]PCBM films were 

floated from the PEDOT-covered ITO substrates on 200 square mesh copper grids. TEM was performed 

with a Tecnai G2 Sphera (FEI) operating at 200 kV. Tapping-mode AFM was performed using a Veeco 

MultiMode AFM with Nanosensor PPP-NCHR-50 tips. 
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Chapter 6 

Polymer solar cells: solubility controls 

fiber network formation*

 
 

 

Abstract 

The photoactive layer of polymer solar cells is commonly processed from a four-

component solution, containing a semiconducting polymer and a fullerene derivative 

dissolved in a solvent-cosolvent mixture. The nanoscale dimensions of the polymer-fullerene 

morphology that is formed upon drying determines the solar cell performance, but the 

fundamental processes that govern the size of the phase-separated polymer and fullerene 

domains are poorly understood. Here we investigate morphology formation of an alternating 

copolymer of diketopyrrolopyrrole and a thiophene-phenyl-thiophene oligomer (PDPPTPT) 

with relatively long 2-decyltetradecyl (DT) side chains blended with [6,6]-phenyl-C71-

butyric acid methyl ester ([70]PCBM). During solvent evaporation the polymer crystallizes 

into a fibrous network. The typical width of these fibers is analyzed by quantification of 

transmission electron microscopic images, and is mainly determined by the solubility of the 

polymer in the cosolvent and the molecular weight of the polymer. A higher molecular weight 

corresponds to a lower solubility and film processing results in a smaller fiber width. 

Surprisingly, the fiber width is not related to the drying rate or the amount of cosolvent. We 

have made solar cells with fiber widths ranging from 28 to 68 nm and found an inverse 

relation between fiber width and photocurrent. Finally, by mixing two cosolvents we develop 

a ternary solvent system to tune the fiber width. We propose a model based on nucleation-

and-growth which can explain these measurements. Our results show that the width of the 

semicrystalline polymer fibers is not the result of a frozen dynamical state, but determined 

by the nucleation induced by the polymer solubility. 

                                                           
* This chapter has been published as: J. J. van Franeker, G. H. L. Heintges, C. Schaefer, G. Portale, W. Li, 

M. M. Wienk, P. van der Schoot, R. A. J. Janssen, J. Am. Chem. Soc., 2015, 137, p. 11783. 
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6.1 Introduction 

The promise of polymer solar cells is mainly fueled by their solution-

processability which allows for large-scale, roll-to-roll production of flexible solar 

cells.1 During solution processing the semiconducting polymer and fullerene-

derivative phase separate, and form a certain morphology termed a bulk-

heterojunction.2,3 The importance of the exact nanoscale morphological structure has 

been long recognized and is studied intensively.4 A common strategy to obtain the 

highly intermixed bulk-heterojunction is to use solvent mixtures: a small amount of 

a cosolvent is added to the main solvent.5 In general, the main solvent needs to be a 

good solvent for the polymer and the fullerene, while the cosolvent must evaporate 

slower than the main solvent, and has to have a selective solubility for the 

fullerene.6-8 For semicrystalline polymers these cosolvent properties cause the 

polymer to aggregate in a relatively dilute solution during solvent evaporation.9,10 

When the polymer aggregates, the fullerene is still dissolved and will then solidify 

in the regions between the crystalline aggregates. The aggregation of these 

semicrystalline polymers can result in the formation of polymer fiber networks.11-14 

The ideal length scale for a polymer solar cell morphology is in the order of 

the exciton diffusion length, which is about 5 - 10 nm.15 The width of the polymer 

fibers in the fiber network thus needs to be on the order of 10 nm or less. However, 

the ideal thickness of the solar cells exceeds 100 nm in order to achieve full 

absorption of the incident light. This difference in required length scale, combined 

with the small size, limits our ability to visualize and study the morphology of 

optimized polymer solar cells. Most commonly transmission electron microscopy 

(TEM) is used to characterize the morphology of polymer solar cells, but the 

overlapping of the fibers prevents the quantitative analysis of these morphologies 

and at most qualitative trends can be identified. 

The current record power conversion efficiency (PCE) for a single-junction 

polymer solar cell of 11.7% has been achieved by optimizing the temperature-

dependent aggregation behavior.16,17 In that study large effects were found of both 

molecular weight and side chain length, which were shown to have an important 

impact on aggregation and performance. Both relations, that of molecular weight 

and morphology,18-24 and that of side chain length and domain size12,25 have also been 

identified previously. Also, very recently it was demonstrated that the solubility of 

the polymer in different cosolvents controls the width of the polymer fibers.26  

In this chapter we study the effect of polymer molecular weight and 

processing on the typical length scales of the polymer fiber networks for a 
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diketopyrrolopyrrole-based copolymer. By developing quantification methods we 

discover that many processing parameters that were thought to be important do not 

have a significant influence on the fiber width; most notably the polymer:fullerene 

ratio, the amount of cosolvent, and the solvent evaporation rate do not change the 

width of the fibers significantly. This indicates that the fiber width is not limited by 

their growth after initial formation. We find that the molecular weight of the 

polymer and the type of cosolvent do have a large influence on the width of polymer 

fibers. We also tune the width of polymer fibers in solar cells by processing from 

ternary solvent blends, in which two cosolvents are used simultaneously. We 

propose a model based on nucleation-and-growth of individual fiber nuclei as a 

mechanism to explain the observed solubility-dependent fiber width. 

Experimentally, a convenient handle to predict trends in the typical length scale of 

fiber networks is the polymer solubility in the cosolvent. 

6.2 Results 

To study the processing parameters that influence morphology, a 

semicrystalline polymer which has been shown to give relatively wide fibers and a 

coarser morphology was employed, as the larger length scales are easier to study 

quantitatively with TEM than the small length scales usually seen in optimized 

materials. This alternating copolymer (DT-PDPPTPT) consists of electron-donating 

thiophene-phenyl-thiophene (TPT) oligomers and electron-withdrawing 

diketopyrrolopyrrole (DPP) groups with relatively long 2-decyltetradecyl (DT) side 

chains.12 In a previous study in our group, the DT-PDPPTPT:[70]PCBM ([6,6]-

phenyl-C71-butyric acid methyl ester) mixture was processed from chloroform (CF) 

with 1,8-diiodooctane (DIO) as cosolvent, which resulted in a relatively low PCE of 

3.2%.12 This was attributed to the large width of the polymer fibers of approximately 

30 nm that were formed under these conditions. In this contribution, we used a 

newly synthesized batch of the same DT-PDPPTPT, which we abbreviate as P00. We 

found that even wider fibers could be obtained when 1,2-dichlorobenzene (oDCB) 

was used as cosolvent and thus we used the chloroform-oDCB solvent combination 

for our reference device. This device was processed on indium tin oxide (ITO) 

covered glass substrates, which were coated with a poly(ethylenedioxythiophene): 

poly(styrenesulfonate) (PEDOT:PSS) hole-collection layer. The electron collecting 

contact was made by thermal evaporation of a 1 nm lithium fluoride layer, followed 

by depositing 100 nm aluminum. The studied processing parameters are detailed in 

Table 6.01. Further experimental details are found in Section 6.6. 
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6.2.1 Effects of the fullerene derivative and blend ratio 

The P00 polymer was blended with three different fullerene derivatives, viz. 

[6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM), [6,6]-phenyl-C71-butyric acid 

methyl ester ([70]PCBM) [70]PCBM, and indene-C60 bisadduct (ICBA) to study the 

effect of the fullerene on the film formation. Figure 6.01 shows the TEM images of 

the P00:fullerene blend layers cast from chloroform:oDCB (94:6 v/v). The fiber 

network seen in TEM images is caused by polymer crystallization.9,10,27 This can be 

seen in the zoomed inset in Figure 6.01: the crystalline fringes only appear in the 

polymer fibers. The distance between the fringes can be extracted from a Fourier 

transform and matches the expected lamellar stacking distance of ~2.2 – 2.4 nm. The 

crystallinity of DT-PDPPTPT fiber networks is confirmed by the Grazing-Incidence 

Wide-Angle X-ray Scattering (GIWAXS) measurements shown in Figure 6.02. Both 

the pure polymer, and the polymer mixed with [70]PCBM show diffracted rings and 

arcs typical of a semicrystalline structure similarly to the ones shown by other 

semiconducting polymers.4 A main reflection is observed in both the in-plane and 

out-of-plane direction with a stacking distance d of ~2.4 - 2.5 nm (d = 2π/qmax with 

qmax ~ 2.5-2.6 nm-1), in agreement with the distance extracted from the fringes in the 

TEM images. This reflection is assigned to the lamellar stacking. In addition, two 

broad peaks confirming molecular packing are observed centered at a distance of 

0.48 nm (qmax ~ 13.0 nm-1) and at 0.38 nm (qmax ~ 16.4 nm-1). The latter one is in 

agreement with typical values reported for the π-π stacking distance in most of the 

semiconducting polymers.4 When [70]PCBM is added, these reflections are 

overlapped with the [70]PCBM ring at qmax ~ 13.3 nm-1. 

The main morphological features in the TEM images are the polymer fiber 

networks, and it is thus expected that the typical length scales of these fiber networks 

are mainly determined by the polymer, and not by the properties of the used 

fullerene. Solar cells with varying fullerene type or polymer:fullerene ratios were 

made to verify this hypothesis. The solar cell performance is detailed in Table 6.01. 

The slightly lower short-circuit current density (Jsc) from the [60]PCBM device is 

expected, because of its lower absorption compared to [70]PCBM. When ICBA is 

used, the photocurrent is very low. This is caused by the energetic offset between 

the LUMO level of DT-PDPPTPT and ICBA, which is too low for exciton 

dissociation. Increasing the [70]PCBM content causes a decrease in photocurrent. 

This can be explained by optical interference effects caused by the thickness 

difference, and the increased spacing between the fibers, as shown in the TEM 

images in Figure 6.01. In that case fewer excitons are able to reach a 
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polymer:fullerene interface, where they are able to dissociate into free charges and 

contribute to the current. 

 
Figure 6.01. The effect of the used fullerene derivative on the typical size of polymer fiber networks. 

Films were spin coated from chloroform:oDCB (94:6 v/v). The left column shows that the type of 

fullerene only slightly influences the fiber width. The right column shows that the amount of fullerene 

does not significantly influence fiber width. A high-magnification TEM image of the P00:[70]PCBM film 

using 1:2 ratio is shown in the right column. The crystalline fringes inside the fibers can be clearly seen 

in the zoomed inset. A Fourier-transform of this region reveals that the lamellar stacking distance is ~2.2 

– 2.4 nm. 
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Figure 6.02. GIWAXS measurements on (a) a pure DT-PDDTPT film and (b) a DT-PDPPTPT:[70]PCBM 

film, processed from a chloroform with 5 vol. % 1,8-diiodooctane as cosolvent. In panel (c) an in-plane 

line cut is shown, while in panel (d) the out-of-plane line cut is shown. 

The PCE of these devices is relatively low (Table 6.01). More interesting, 

however, is what we can learn about the factors that influence the morphology of 

these devices. The TEM images shown in Figure 6.01 contain information regarding 

the typical size of the polymer fiber networks. The device with [60]PCBM has 

slightly narrower fibers than the [70]PCBM or ICBA devices. The P00:[70]PCBM 

ratio does not seem to influence the fiber width significantly, although the interfiber 

distance obviously increases. 

6.2.2 Quantification of fiber size 

Drawing general conclusions based on a single TEM image of each device can 

be misleading. Thus, for each device at least five images were used for a quantitative 

analysis of the typical length scale. Contrary to high-performing solar cells in which 

length scales are too small for reliable quantitative analysis, these networks of large 

fibers allow for a relatively simple quantification. However, an unambiguous 

determination of length scales is not trivial. Three different quantitative methods 

were used to verify trends and to study different aspects of the morphology. They 

are described in the following, but for more detailed descriptions of these 

quantification methods, see Section 6.6. A Fourier-transform (FT) approach can give 
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insight in the relative frequency with which different length scales appear. The 

difference between fiber width and length complicates this analysis, but in many 

cases a peak can be found for a typical length scale, as can be seen in Figure 6.03a. A 

second approach is to use an edge-fitting algorithm. Here, we use the Canny edge-

detection28 implemented in Wolfram Mathematica 10. This algorithm detects 

gradients in contrast and thus detects the edges of the fibers as shown in Figure 

6.03b. A intercept or segment length can be defined as the distance between two of 

these detected edges.29,30 For a single quantified number, the edge-based mean 

segment length (EMSL) is calculated as the mean of all the segment lengths on all 

horizontal and vertical lines. Also, a list of these segment length can be plotted in a 

histogram, as shown in Figure 6.03c. Both these methods are sensitive to both the 

fiber width and the mesh size (or interfiber distance) of the fiber networks.  

 
Figure 6.03. (a) Example of the determination of the typical length scale by Fourier-transformations, in 

this example P00:[70]PCBM (5 & 10 mg mL-1) was spin coated at 2000 rpm from chloroform which 

contained 6% oDCB. (b) Example of the edges found by the Canny edge-detection algorithm as applied 

by the EdgeDetect function of Mathematica, with the pixel range set to 10. (c) The histogram of segment 

lengths encountered in (b).  

To quantify the fiber width separately, as a third option we attempt to 

quantify the fiber width using a binarization of the TEM-images.31,32 On these binary 

images, a medial axis transform or skeleton-transform (ST) is applied,33 which gives 

the midlines of the polymer fibers. As an illustration of this method, the separate 

steps are shown in Figure 6.04. The pixel value of the skeleton lines is given by the 

distance of that point to the background, which relates to half of the fiber width. This 

third method is less robust and computationally more intensive than the other two 
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methods, but yields a parameter which is easier to interpret. This method also allows 

to compute the distribution of fiber widths, as shown by the histogram in Figure 

6.05a. For a detailed description of all quantification methods, see Section 6.6. 

 
Figure 6.04. In (a) the original TEM image (11500×), which is a higher-magnification image of the same 

sample as used in Figure 6.03. After all filters the image in (b) is obtained, which is binarized using a 

global threshold in (c). The skeleton transform is then overlaid on the original image in (d). 

It is important to verify that the trends which we observe hold for all 

quantification methods. In Figure 6.05b I show the ratio of the length scale calculated 

with the FT-method and the EMSL-method to the fiber width calculated with the 

ST-method. For the ratio of FT to ST there is quite a large spread (15 ± 4), which either 

indicates one of these methods is not correct, or they both quantify a different 

morphological parameter. Both might be true, as the FT-method is performed on 

low-magnification TEM-images and therefore studies larger features. Also, the peak 

is not always very clear, which can influence the quality of the fit. A better result 

was obtained for ratio of the EMSL to ST, which is very consistent: 3.3 ± 0.2. This 

indicates that both methods are reliable in quantifying the same morphological 
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feature. The fact that EMSL gives a factor 3.3 larger distances than ST is caused by 

the fact that the ST quantifies the shortest fiber radius, while EMSL quantifies the 

diameter of fibers in a random direction, as well as the interfiber distances. All 

discussions would hold equally well for both of these quantification methods, but in 

our discussion we will mainly use the ST method because this quantifies the clearest 

morphological feature. 

 
Figure 6.05. (a) The histogram of pixel values shown in Figure 6.04d, scaled to real-space length scale. 

This distribution does roughly correspond to the half of the width of the fibers. In (b) the ratio of the 

typical length scale found by the FT and EMSL method to the ST method is shown. The plot contains all 

data points in Table 6.01 where a 1:2 polymer:fullerene ratio is used. 

Table 6.01 shows the quantification results for the TEM images shown in 

Figure 6.01. As we already concluded from the visual inspection, all quantification 

methods indicate that the device with [60]PCBM has slightly smaller length scales. 

The ICBA-device is very similar to the [70]PCBM device. Finally, increasing the 

amount of [70]PCBM causes the quantification using FT and EMSL to increase, 

because the interfiber distance increases. However, the ST quantification does not 

significantly increase, indicating that the fiber width does not change significantly. 

Combined, these experiments show that the influence of the fullerene type or 

P00:fullerene ratio on the width of the polymer fibers is limited. 
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6.2.3 Effect of the molecular weight 

It has been shown before that the molecular weight of the polymer influences 

the solar cell performance.18-24,34,35 This has been attributed to morphological 

changes18-24 or carrier mobilities.19,24,34,35 However, there is no well-established trend 

between morphological length scale and molecular weight. This originates from two 

root causes: first, optimized solar cells often have morphological length scales too 

small to reliably quantify. Second, batch-to-batch variations other than molecular 

weight limit our ability to draw conclusions from molecular weight differences in 

different batches. Here, we used a single batch (P00, peak molecular weight Mp = 

111.0 kDa) of DT-PDPPTPT. Different molecular weight fractions were extracted 

from this batch based on their solubility in chlorobenzene at increasing 

temperatures. The lowest molecular weight fraction was extracted at 30°C (P30, Mp 

= 88.5 kDa). Subsequent extractions were done at 40 °C (P40, Mp = 91.8 kDa), 50 °C 

(P50), 65 °C (P65, Mp = 114.6 kDa) and 90 °C (P90, Mp = 128.7 kDa). The trend of 

increasing molecular weight for extractions at higher temperature is evident. Size 

exclusion chromatography (SEC) traces, measured at 140 °C in oDCB, are shown in 

Figure 6.06a.  

Even though the differences in molecular weight are relatively limited 

compared to some literature examples, the effect on solar cell efficiency is striking. 

The current density-voltage (J-V) measurements (Figure 6.06b) and the external 

quantum efficiency (EQE) measurements (Figure 6.06c) clearly show a dramatic 

increase in photocurrent for increasing molecular weight. The results are also 

tabulated in Table 6.01, as well as the quantification of TEM images. Representative 

examples of these TEM images are shown in Figure 6.06d. The decreasing length 

scale for increased molecular weight correlates well with the increasing photovoltaic 

performance. The decreased domain size increases the number of excitons that can 

reach the polymer:fullerene interface, and thus increases the photocurrent. Also note 

that the differences in the typical size of these fiber networks are much larger than 

the small changes observed when changing the fullerene or mixing ratio (cf. Section 

6.2.1). The effect of polymer molecular weight on fiber width is thus significantly 

more important than the effect of the fullerene derivative.  
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Figure 6.06. The effect of the polymer molecular weight on the typical size of polymer fiber networks. 

In panel (a) SEC traces are shown for the different polymer fractions. These fractions are used to make 

solar cells as detailed in Table 6.01. The J-V plots in panel (b) and the EQE in panel (c) both show a clear 

increase of photocurrent for increasing molecular weight. The TEM images in panel (d) show that this 

increased photocurrent is caused by a drastic decrease of the typical size of these fiber networks. All 

films are spin coated at 2000 rpm, except P90b, which is coated at 3000 rpm to obtain a thickness similar 

to the devices from the other polymer fractions. 

6.2.4 Effect of the drying rate 

In a previous contribution36 we have shown that polymer:fullerene blends can 

form droplet-like morphologies when processed from a single solvent due to liquid-

liquid phase separation.37,38 Typical length scales in these droplet-like morphologies 

depend on the normalized drying rate, which is defined as the rate of thickness 

change due to solvent evaporation, divided by the final thickness.32 

For the morphologies with fiber networks, processed from a solvent/cosolvent 

mixture, we hypothesized that a slower normalized drying rate would lead to larger 

typical length scales as well. However, due to the solvent/cosolvent mixture an 

unambiguous definition of normalized drying rate is impossible because the two 

solvents evaporate at different rates. Still, we are able to change the normalized 

drying rate by simultaneously increasing the solution concentration and the spin 

speed. Care has to be taken to also adjust the amount of cosolvent, to keep the 
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cosolvent/solids ratio constant, because this ratio defines the film thickness at which 

polymer aggregation occurs. In Figure 6.07a, we measure the evolution of wet layer 

thickness versus time with in-situ laser interferometry (see Chapter 2 and Section 6.6 

for details). The time is negative, because the last peak in the interference signal is 

chosen as t = 0 s to allow for the time-normalization in Figure 6.07b. We chose the 

last peak because that is a well-defined signal, contrary to the time at which the film 

is totally dry. In Figure 6.07b, the x-axis is normalized by dividing the time by the 

time at which the thickness was 1 µm, so that all curves overlap at a thickness of 1 

µm. This time – the normalization factor – decreases from 15.5 seconds for the 500 

rpm sample, via 10.0 (1000 rpm) and 6.8 s (2000 rpm) to 4.5 s for the 5000 rpm sample. 

Figure 6.07b shows that the drying curves neatly overlap after this normalization. 

Because also the dry layer thickness is very similar, the normalized drying rate will 

scale with this normalization factor at all stages of the drying process. Thus, even 

though the normalized drying rate is not unambiguously defined it is evident that 

it changes with a factor of 3.4 between the slowest and the fastest-dried sample. 

 
Figure 6.07. Four solar cells with a similar thickness are dried at different rates by increasing the solid 

and cosolvent concentration and simultaneously increasing the spin speed. In (a) the drying curves 

determined by in-situ laser interferometry are shown, where the thickness is shown as a function of the 

time. Two regimes are visible; first the steep section in which mostly chloroform evaporates, and then 

the remaining oDCB evaporates much more slowly. As shown in panel (b), these curves can be 

normalized with respect to time (see text for details), showing that the thickness evolution is identical 

albeit at different drying rates. The legend indicates the polymer concentrations and detailed processing 

parameters are shown in Table 6.01. Panel (c) shows the TEM images, which reveal that the resulting 

typical size of the fiber networks is not significantly influenced by the drying rate. 

The detailed processing settings are shown in Table 6.01. Film thickness and 

the solar cell performance parameters are all very similar. This is in accordance with 

their similarity in morphology as seen in the TEM images (Figure 6.07c, 
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quantification in Table 6.01). These results were contrasting with our initial 

hypothesis, as we expected that the factor three increase in drying rate would lead 

to a smaller typical length scale. To confirm this finding, we show results on an 

optimized polymer with shorter 2-hecyldecyl side chains (HD-PDPPTPT) in Figure 

6.08. This polymer did not show any dependence of the PCE on the normalized 

drying rate, as all devices had a PCEs between 7.2% and 7.4%. We thus conclude that 

the influence of normalized drying rate on the typical size of fiber networks is at 

most limited. 
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Figure 6.08. J-V curves of the HD-PDPPTPT:[70]PCBM solar cells made with different drying rates. For 

processing details, see Table 6.01. 

6.2.5 Effect of cosolvent type 

The solar cells shown up until here are all processed from a chloroform-oDCB 

solvent mixture because the large width of resultant fibers is relatively easy to 

quantify. However, better solar cell performance can be reached by processing with 

other cosolvents. In Table 6.01 we show that the PCE increases from 2.5% with oDCB 

(due to the higher-than-average thickness a lower-than-average performance), via 

2.8% using 1-chloronaphthalene (CN), to 4.4% using either 1,8-diiodooctane (DIO) 

or diphenyl ether (DPE) as cosolvent (5 vol. %). The increased efficiency is caused 

by the changes in typical length scale of the fiber networks (Figure 6.08). The fiber 

radius, as extracted from the ST quantification, decreases from 52 to 28 nm. This 

leads to a higher photocurrent due to more efficient exciton splitting. The differences 

in fiber width caused by the nature of the cosolvent are comparable to those made 

using the molecular weight fractions in Section 6.2.3. The effect of cosolvent type is 

evidently much larger than any effects caused by the fullerene type or by the drying 

rate. 
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Figure 6.08. TEM images of P00:[70]PCBM solar cells processed from chloroform with different 

cosolvents (5 vol. %), as indicated in the labels. 

One can hypothesize that the decreasing fiber width originates from the 

cosolvent evaporation rate. The boiling point (b.p.) increases for the series oDCB 

(b.p. 180 °C) – CN (b.p. 263 °C) – DIO (b.p. 333 °C), but DPE does not adhere to this 

trend with a b.p. of 258 °C. For all cosolvents the evaporation rate is much slower 

than chloroform, which causes the amount of cosolvent to evaporate during 

chloroform evaporation to be small. Thus, provided that concentration of cosolvent 

in the initial spin casting mixture solution is constant, the quench of the polymer 

from solvent into cosolvent happens at similar polymer concentrations for all 

cosolvents. Thus, we do not expect the differences in fiber width to be caused by 

differences in cosolvent evaporation rate. 

Another explanation relates to the solubility of the polymer in the cosolvent. 

This was also suggested very recently by Cao et al.26 We noted that the solubility of 

P00 decreases in the order of decreasing fiber width for these four cosolvents. In fact, 

the solubility of P00 in oDCB is high enough to process P00:[70]PCBM solar cells 

from pure oDCB (Section 6.2.8). Simple solubility tests shown in Figure 6.09 reveal 

that P00 dissolves in oDCB and in CN at room temperature. Only a very small 

fraction of P00 is soluble in DIO, as the solution turns only very light green. In DPE 

almost no coloration is observed. At 90 °C (solution preparation temperature) the 

polymer does partially dissolve or disperse in both DIO and DPE as the color 
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changes to green. However, there are still many undissolved particles in these 

solutions. We thus conclude that the large differences in fiber width and PCE 

observed when varying the nature of the cosolvent are caused by differences in 

polymer solubility in the cosolvent. 

 
Figure 6.09. (a) Simple solubility test at room temperature. P00 is added to the indicated cosolvent in a 

concentration of 5 mg mL-1 and stirred for 90 minutes. In both oDCB and CN the polymer is dissolved, 

but the solution is very viscous. For DIO a very small amount of polymer seems to have dissolved, 

whereas for DPE a negligible amount is dissolved. (b) The solutions described above have been stirred 

for 60 minutes at 90 °C. For oDCB and CN the polymer is still dissolved and the solutions are less 

viscous. DIO and DPE seem to have dissolved a larger fraction of the polymer, or there is a dispersion 

of small fragments that colors the solution green. For both DIO and DPE still large chunks of 

undissolved polymer are present. 

To some extent the effects of molecular weight and nature of the cosolvent are 

additive; the smallest fibers and highest PCE (4.9%) were obtained using the high 

molecular weight fraction P90 of DT-PDPPTPT and 1,8-diiodooctane (DIO) as 

cosolvent. 

6.2.6 Ternary solvent mixtures 

An interesting application of the large dependence of fiber width on the 

nature of the cosolvent is the ability to tune the fiber width by mixing two cosolvents, 

thus forming a ternary solvent mixture. It has been shown before that this strategy 

can improve solar cell device performance.11 We prepared P00:[70]PCBM solutions 

in chloroform, with a total of 5 vol. % cosolvent. Similar to the results shown in 

Section 6.2.5, the PCE increases from 2.5% when using 5% oDCB to 4.4% using 5% 

DIO due to an increased photocurrent. The cosolvent was now chosen to be a 

mixture of oDCB:DIO (v/v) as specified in Table 6.01. Both the TEM images in Figure 

6.10 and the photocurrent show that morphologies in between those for the pure 

cosolvents can be obtained. A 4.5:0.5 ratio of oDCB:DIO increases the PCE to 2.7% 

and a 4:1 ratio to 3.7%. This shows that a small concentration of DIO in the ternary 

blend already has a large effect.  

The TEM quantification verifies that these small additions of DIO to a ternary 

solvent blend can already decrease the fiber width in these fiber networks. As for 

the cosolvent-type effect, the smaller length scales originate in the decreased 

solubility of P00 due to the increased amount of DIO in the cosolvent mixture. 
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Figure 6.10. The typical size of the fiber networks can be tuned with ternary solvent blends. In this case 

a chloroform:oDCB:DIO mixture is used. The volume fraction of chloroform is always 95%. The volume 

fractions of both cosolvents are shown in the labels. 

6.2.7 Effect of annealing 

Thermal annealing is often used to alter the morphology of organic solar cells 

after the wet-processing steps. For blends of poly(3-hexylthiophene) (P3HT) with 

[60]PCBM thermal annealing increases roughness39 due to an increase of crystallite 

size.40 In the case of P3HT this annealing step is often beneficial and even required 

for high photovoltaic performance. For DPP-based polymers, annealing is often not 

required or even detrimental for device performance. Nevertheless, we investigated 

the effect of thermal annealing on the typical size of polymer fibers. We made a series 

of P00:[70]PCBM solar cells, which we either used “as-cast” or after annealing for 

various times at 100 °C or 150 °C. Annealing was performed in a nitrogen-filled 

glovebox, before deposition of the metal electrodes. As can be seen in Table 6.01 and 

Figure 6.11a, the performance decreases for increasing annealing time and 

temperature. This decrease in the PCE originates in a decrease in photocurrent. 

However, the TEM images in Figure 6.11b clearly reveal that this decreased 

photocurrent is not caused by a change of fiber width. At present we have no 

consistent explanation for the decreased photocurrent after annealing. More 

importantly, however, thermal annealing does not significantly increase the typical 

size of the polymer fiber networks in these films. 
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Figure 6.11. (a) J-V curves of the annealed P00:[70]PCBM solar cells, made from a solution which 

contained 94% chloroform and 6% oDCB. Both annealing time and temperature were varied, as 

indicated in the label. For processing details, see Table 6.01. (b) TEM-images of the solar cells displayed 

in (a). 

6.2.8 Effect of amount of cosolvent 

In the discussions above we always used a very similar amount of cosolvent 

in the casting solution. We expected that the amount of cosolvent would have a large 

influence on the typical size of the polymer fiber networks. We thus made solar cells 

using different cosolvent concentrations for both oDCB and DIO, combined with 

real-time measurements of the drying process. Because DIO is a non-solvent for P00 

(see Section 6.2.5) the polymer will aggregate when most of the chloroform has 

evaporated. P00:[70]PCBM solar cells were made from solutions in chloroform with 

0% to 16% DIO. We also collected interference and scattering signals during drying 

(see Chapter 5). As shown in Figure 6.12a, the scattering signal can be used to detect 

the onset of phase separation. Both the solid content and the chloroform content at 

the onset of scattering have been calculated and are plotted in Figure 6.12b. For 0% 
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DIO the morphology is formed by liquid-liquid demixing, leading to a different type 

of morphology (Figure 6.13a). It is evident that from 2 to 16% DIO the onset of 

scattering appears around 50% chloroform, while the solid content at the onset of 

scattering decreases from ~15% to less than 5%. This means that using higher initial 

DIO contents, the polymers start aggregating in thicker films at a lower polymer 

concentration. We expected that the polymer concentration at the onset of fiber 

formation would have a large influence on the size of these fibers. The sample with 

1% DIO has larger fibers (Figure 6.13a) than the others. However, the differences in 

fiber width between 2-16% DIO are very small. This clearly shows that the influence 

of the amount of DIO on fiber width is very limited when compared to other 

processing details such as cosolvent type. The dependence of the photovoltaic 

performance on the amount of DIO is more complicated and left out of this 

discussion. 

As oDCB is a much better solvent for P00, pure oDCB can be used to process 

devices. However, using pure oDCB the resulting film thickness is much lower and 

thus the spin speed has to be adjusted. An interference and scattering measurement 

of a film processed from chloroform with 32% oDCB is shown in Figure 6.12c. The 

onset of scattering is in the linear evaporation regime of oDCB, where the amount of 

chloroform is negligible. This means that the chloroform content at the onset of 

scattering can be 0%, differing from when using DIO. The chloroform content at the 

onset of scattering is negligible for an initial oDCB content of more than 8%. It might 

thus be expected that there is a transition in typical length scales around 8% initial 

oDCB content.   

The Jsc and PCE shown in Table 6.01 do not change significantly with the 

amount of oDCB in the initial solution. The same is true for the quantification of the 

TEM-images shown in Figure 6.13b. The length scales of the fibers do not change 

very significantly for oDCB contents ranging from 2-100%. However, there does 

seem to be a difference in the appearance of the fibers for less than 8% oDCB to those 

where more than 8% oDCB is used. This is probably caused by the fact than when 

using more than 8% oDCB, the actual formation of fibers takes place in pure oDCB.  

 



Polymer solar cells: solubility controls fiber network formation 

 

121 

 
Figure 6.12. Panel (a) shows a combined interference and scattering measurement during chloroform 

evaporation from a P00:[70]PCBM solution which contained 16% DIO. The interference pattern is used 

to back-calculate the thickness vs. time curve (top panel, see Chapter 2). We assume all chloroform has 

evaporated in the last point, and the thickness there is calculated using the dry layer thickness and the 

initial solid:DIO ratio (see Section 5.2.2). The dry layer thickness divided by the thickness at the onset of 

scattering gives the solid content at the start of polymer aggregation and the amount of chloroform is 

calculated assuming no DIO has evaporated. Panel (b) shows that for 2 to 16% the chloroform content 

at the onset of fiber formation is virtually constant, while there is a large decrease in the solid content. 

Panel (c) shows a combined interference and scattering measurement of a P00:[70]PCBM solution 

processed from chloroform with 32% oDCB. The dry layer thickness divided by the thickness at the 

onset of scattering gives the solid content at the start of polymer aggregation. Panel (d) shows an 

estimate of the chloroform content at the onset of scattering. This shows that for more than 8% oDCB 

there is almost no chloroform remaining at the onset of fiber formation. The solid content at the onset 

of fiber formation is very similar in all cases, with initial oDCB content ranging from 2% to 100%. 
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Figure 6.13. Panel (a) shows the morphological changes upon increasing the DIO concentration from 0% 

to 16%. Panel (b) shows the morphological changes upon increasing the oDCB concentration from 2% 

to 32%. 

The results in this section also show us the limits of the solubility of DT-

PDPPTPT in oDCB. We can confidently say that the polymer is soluble in oDCB at a 

concentration of 5 mg mL-1, because we are able to dissolve this polymer 

concentration in pure oDCB process and even process solar cells from that solution. 

The other limit is given by the onset of light scattering, which occurs at a total solid 

concentration of at most 20 vol. %. Taking into account the estimated polymer 

density of 1 g mL-1 and 1.5 g mL-1 for DT-PDPPTPT and [70]PCBM respectively, this 

corresponds to a polymer volume fraction of 8.6 vol. %, which gives us an upper 

limit of solubility of 86 mg mL-1. However, of course this concentration is practically 

unreachable due to the high viscosity of such blends. As a practical value we 

estimate a solubility limit in the order of 10 mg mL-1. 

6.2.9 Fiber width controls photocurrent 

Due to a limited exciton diffusion length in blends of organic 

semiconductors,15 there is a large dependency of the photocurrent on the 

morphology of organic solar cells. If length scales are too large for all excitons to 

reach a donor-acceptor interface, the photocurrent will increase for decreasing 

length scale.12,41 Alternatively, this dependency can be thought of as a method to 

verify our quantification method. To check this dependency we plot the 

photocurrent as a function of the half fiber width (as extracted from the TEM-images 

using the ST method) in Figure 6.14. The symbols are the solar cells discussed in this 

contribution which are listed in Table 6.01. The symbols follow the trend of 

increasing photocurrent with decreasing typical length scale. The only exception are 

the green triangles (thermal annealing decreases photocurrent, but does not 

influence typical length scale). Thus, the trend is very clear, which verifies our 

quantification methods. 
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Figure 6.14. Dependency of photocurrent (EQE integrated over AM1.5G spectrum) on the half fiber 

width as extracted using the ST method. The numbers in the solid symbols refer to the section in this 

Chapter in which these devices are described.  

6.2.10 Nucleation-and-growth of fiber networks 

The results in Section 6.2.5 and 6.2.6 show that the solubility of the polymer 

has a large influence on the typical size of the fiber networks. To study how solvent 

quality could affect the formation of fiber networks, we investigate a nucleation-

and-growth mechanism, in which alignment of free polymers gives rise to 

nucleation of fibers, which may subsequently grow into fiber networks. A schematic 

of this mechanism is given in Figure 6.15, where we suggest that the polymer chain 

is oriented along the length of the fibers, as recently shown by Kim et al.42 for a DPP-

based polymer. In Figure 6.15a, we suggest that as long as there are free polymers 

available, both nucleus formation and growth by association of excess free polymers 

with aggregates may take place. Also, further growth could take place by ripening 

and coalescence of fibers.43   

As an attempt to understand this nucleation-and-growth mechanism in more 

detail we cooperated with theoretical physicists (Charley Schaefer and Paul van der 

Schoot, Eindhoven University of Technology). They set up a model44 which relies on 

homogeneous nucleation via classical nucleation theory45 of cylindrical aggregates 

that represent fibers, and on the growth (in radial and longitudinal directions) of 

these aggregates via a diffusive process.46 The growth rate depends on the difference 

between the free-polymer concentration and the equilibrium saturation 

concentration of free polymers. Nucleation and growth take place simultaneously 

until the excess free polymers have depleted, so that a “typical” distribution of 
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aggregate sizes is obtained. This typical length scale of the dry-layer fiber networks 

can either be close to the initial nucleus size or can be mainly a result from growth. 

Whether the width of the fibers in the fiber networks in dry-layer morphologies is 

close to the initial nucleus size or is much bigger than that will depend on the growth 

rate compared to the nucleation rate. 

To show that the observed dependencies of fiber width on solubility are 

compatible with a nucleation-and-growth mechanism, we fit this model to the 

observed fiber width of the ternary blend series (Section 6.2.6) for the two limiting 

cases of fast nucleation (Section 6.2.10.1) and of fast growth (Section 6.2.10.2). In the 

former case, the final length scale is related to the size of the initial nuclei as the 

nuclei do not have time to grow before the fast nucleation causes depletion of free 

polymers. In the latter case, rapid growth causes the depletion of free polymers. 

Then, the distribution of aggregate sizes relates to the number of nuclei formed.  

6.2.10.1 Fast-nucleation limit: a minimum size of stable nuclei 

We assume that the fibers are cylindrical aggregates with radius R and length 

L (inset Figure 6.15b). Classical nucleation theory predicts that too small aggregates 

will redissolve due to an activation barrier caused by the increased surface energy. 

Thus, the minimum nucleus radius is determined by an activation barrier, as given 

by the Gibbs free energy:  

 ∆� = �����	Δ
 + 2���� + 2���    (6.01) 

Here, �	 is the number of polymers per volume. Then, �	Δ
 < 0 is the 

chemical potential of aggregation per fiber volume, � is the surface tension at the 

end points of the fiber, and  is the surface tension at the sides of the fiber. A 

schematic plot of the Gibbs free energy (as a function of the fiber radius) is shown in 

Figure 6.15b. In ref. 44, Section S6.1, it is shown that the critical radius can be 

expressed as �∗ = −2/�	Δ
. 

We now hypothesize that this minimum size of a stable nucleus is linearly 

related to the observed length scales as quantified by the ST method for the series 

with ternary solvent blends (Section 6.2.6). Since the interfacial energy and chemical 

potential depend on solvent quality, the critical radius should depend on the 

composition of the cosolvent mixture. To quantify how these parameters depend on 

solvent quality, we propose to write the surface tension and the chemical potential 

as a linear combination of their values in the pure cosolvents:  = ����� +
�1 − ����� and Δ
 = 	�Δ
���� + �1 − ��Δ
���, where � is the fraction of oDCB in 

the oDCB/DIO cosolvent mixture. We can then express the critical nucleus radius as: 
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�� !"#	��� ∝ 	�∗��� = �%	&'()*+�,-��
�%	Δ.'()*+�,-�� × �∗����   (6.02)  

Here, �∗�012 is the critical nucleus radius in oDCB, and the relative increase in surface 

tension and chemical potential are 34567 = ��� ����⁄  and Δ
34567 =
Δ
��� Δ
����⁄ , respectively. We then fit �∗��� to the experimental length scale as a 

function of f. 

 
Figure 6.15. In panel (a) we show the mechanisms which influence the fiber width, of which we argue 

that nucleation and growth are dominant (Section 6.3), and both occur simultaneously until depletion 

of free polymers. Panel (b) shows a schematic of the Gibbs free energy for the formation of crystal nuclei 

in two solvents (see Section 6.2.10.1), as a function of fiber radius (Equation 6.01), both in arbitrary units. 

The inset shows the assumed geometry. Nuclei are stable when their radius is larger than the critical 

radius �∗. In panel (c) we fit �� !"# to the ST-based quantification of the half fiber width for the ternary 

solvent blends (symbols). The error bars are calculated as a 7.6% of the quantified size, corresponding 

to the standard deviation as shown in the bottom row of Table 6.01. 
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These fast-nucleation limit fits are shown in Figure 6.15c with dotted lines, 

and the values of the fit parameters are given in Table 6.02. We find a larger surface 

tension of fibers in DIO than in oDCB (34567 = 6 ± 3), and larger driving force for 

crystallization (Δ
34567 = 11 ± 5). Also, for both data series the latter ratio is larger, 

thus in the poorer solvent (DIO) the increased surface tension is dominated by the 

larger driving force for crystallization, leading to smaller fiber nuclei. We return to 

the values of these fit parameters in the discussion. 

Table 6.02. Fit parameter values that resulted from fitting Equations 6.02 and 6.03 to the experimental 

dataset from Section 6.2.6. 

Eq. Limit =∗>?@A (nm) BCDEFG HICDEFG 

6.02 Fast nucleation 26 ± 1 6 ± 3 11 ± 5 

6.03 Fast growth 25.9 ± 0.6 1.82 ± 0.05 2.7 ± 0.1 

6.2.10.2 Fast-growth limit: the number of nuclei 

In the previous section we assumed that the nuclei do not have time to grow 

after nucleation. This assumption is only valid if the depletion of free polymers is 

caused by very fast nucleation. The other limiting case is the fast-growth limit, 

wherein the growth of aggregates is much faster than the nucleation of new 

aggregates. In this limit, aggregates formed will grow so fast that there is depletion 

of free polymers before additional nuclei can form. This can be interpreted as if just 

after quenching a certain number of nuclei is formed that subsequently grow, and 

hence that this initial number of nuclei determines the final aggregate size. As 

discussed in detail in ref. 44, also in this limit we can find a relation of the final fiber 

radius as a function the fraction f of oDCB in the oDCB/DIO mixture: 

ln PQRSTU���
PV = ��%	&'()*+�,-���W

��%	X.'()*+�,-���Y × ln PQRSTUZ[\]
PV     (6.03)  

where we set the microscopic length scale �^ = 1 nm, as this factor has a limited 

influence on the fitted values. In Figure 6.15c we show the fits for the fast-growth 

limit described by Equation 6.03 with dashed lines. Also for these fits the same 

conclusion holds: both surface tension (34567 = 1.8 ± 0.1) and chemical potential 

(Δ
34567 = 2.7 ± 0.1) are larger in the poorer solvent, but due to a larger increase of 

chemical potential the decreased solvent quality gives rise to a lower activation 

barrier. The change in Gibbs free energy is schematically shown in Figure 6.15b. Due 

to the lower activation barrier, more nuclei are formed. The increased amount of 

nuclei causes a smaller fiber width after all nuclei have grown until depletion of free 

polymers. 
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6.2.10.3 Molecular weight dependence of fiber width 

The fits in Section 6.2.10.1 and 6.2.10.2 were performed for the dependence of 

fiber width on cosolvent quality, but a nucleation-and-growth model can also be 

used to explain the relation of fiber width to the molecular weight. In Section 6.2.3 

we show that the fiber width decreases with increasing molecular weight. The 

solubility decreases with increasing molecular weight, which increases the 

thermodynamic driving force for crystallization, i.e. it makes more negative Δ
. In 

the fast-nucleation limit this naturally leads to smaller fibers because the critical 

radius decreases as �∗ = −2/�	Δ
. For the fast-growth limit, the larger Δ
 lowers 

the crystallization barrier which increases the amount of nuclei formed, thus 

decreases the fiber width.  

6.3 Discussion 

The results presented in this chapter are schematically summarized in Figure 

6.16. It is evident that we found only two parameters which have a large influence 

on fiber width: the molecular weight of the polymer and the cosolvent constitution, 

which can be tuned by changing the cosolvent or by mixing two different cosolvents. 

All other investigated processing parameters have a limited to negligible influence 

on the fiber width. Most notable are the small influence of drying rate and amount 

of cosolvent.  

 
Figure 6.16. Graphical illustration of the changes in fiber width. The sizes of the circles are an 

exaggerated indication of the fiber width, as the circle radius r scales as (r = ST-10), in which ST is the 

half fiber width as determined by the ST method (Table 6.01).  
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As hypothesized in Section 6.2.5, the effect of the nature of the cosolvent might 

relate to two different properties of the cosolvent: either a decreased evaporation 

rate or a decreased polymer solubility might be responsible for a decreased fiber 

width. If we try to find a governing factor that determines the fiber width in all 

studied cases, only the second hypothesis is compatible with the remarkable 

decrease of fiber width due to increased molecular weight, as found in Section 6.2.3.  

We thus reach the same conclusion as J. Shin et al.25 and W. Li et al.12 that fiber 

width is mainly determined by polymer solubility. This contribution specifies that 

the polymer solubility in the cosolvent is the crucial parameter in the determination 

of the width of the polymer fibers, which confirms the recent conclusion of Cao et 

al.26  

After this experimental observation that the fiber width is mainly determined 

by the solubility of the polymer in the cosolvent, we set out to understand this 

behavior. This ultimately led to the nucleation-and-growth model as described in 

Section 6.2.10. Before arriving at this model, we had three other hypotheses. First, 

we thought that the polymer solubility would influence the polymer concentration 

at the onset of fiber formation, which in turn would determine fiber width. Second, 

we thought ripening (growth after depletion of free polymers) might be influenced 

by polymer solubility. Third, as recently suggested by Cao et al.,26 the polymer 

solubility might influence the amount of aggregates in the initial casting solution. 

All these hypotheses are realistic and might occur in other polymer systems, but they 

conflict at some point with our experimental observations. To clarify this, we discuss 

each of these hypotheses below. 

In the first hypothesis, the fibers might start to form at a lower polymer 

concentration if the polymer solubility in the cosolvent is lower. If aggregation 

would indeed occur at a lower polymer concentration, this would easily explain 

differences in fiber width. However, the experiments with different amounts of 

cosolvent described in Section 6.2.8 show that the polymer concentration at the onset 

of aggregation does not influence the fiber width significantly. Furthermore, for the 

different cosolvents which do produce large differences in the fiber width (Section 

6.2.5), the polymer concentration at the start of fiber formation is similar, because 

the aggregation onset occurs at the moment the chloroform has evaporated (which 

is not related to the solubility of the polymer in the cosolvent). Thus, the 

concentration at which the fibers form does not determine the typical size of the 

polymer fiber networks.  
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Second, growth after the depletion of free polymers (the last mechanism in 

Figure 6.15a) can be influenced by the solubility of the polymer, as is shown by 

simulations of Groot.43 Groot shows that for a high surface energy (low solubility) 

the length of the fiber network connections is limited, because after all free polymers 

are depleted, the fibers can only grow by coalescence. For lower surface energy 

(higher solubility), fibers can also grow because polymer fragments can redissolve 

after their initial aggregation (“ripening”). This second growth mechanism in better 

solvents might explain our observed solubility-dependent fiber width. However, if 

this were the case, a slower drying rate in these solvents would lead to thicker fibers. 

Our experiments in Section 6.2.4 show that this is not the case, as all drying rates 

result in similar fiber width. Also, the devices processed with an increased cosolvent 

concentration in Section 6.2.8 have had an increased ripening time, but also in those 

experiments no significant differences in fiber width are seen. Therefore, we argue 

that ripening is of minor importance, and growth only takes place until all free 

polymers are depleted from the solution. 

Third, a mechanism was recently suggested by Cao et al.26 which is based on 

the presence of aggregates in the casting solution. The aggregates in the casting 

solution might function as “seed-crystallite nuclei” for the formation of polymer 

fibers. This is inspired on the paper by Schmidt et al.47 in which it was shown that a 

cosolvent can induce aggregate formation in the casting solution. Cao et al.26 propose 

that the type of cosolvent determines the amount of seeds in the casting solution; a 

solvent with a low polymer solubility would then induce more seeds, resulting in 

narrower fibers. In their case, for a different polymer than studied here, increasing 

the amount of cosolvent decreases the fiber width until a certain plateau is reached. 

They argue this is caused by the saturation of seed concentration in the casting 

solution. In our experiments, we did not find this influence of the amount of 

cosolvent on the fiber width. We agree with Cao et al.26 that the number of seeds or 

nuclei is very likely to influence the final fiber width as this is essentially the outcome 

of the “fast-growth” limit of the model in Section 6.2.10.2. The main difference with 

the proposed mechanism of Cao et al.26 is that our model is based on homogeneous 

nucleation, and thus does not require the presence of aggregates in the casting 

solution. Also, we propose a numerical model which can be used in curve fitting. It 

is likely that a combination of these two idealized mechanisms occurs in reality; 

aggregates present in the casting solution act as seeds, but extra nuclei can be formed 

by homogeneous nucleation at the transition from main solvent to cosolvent. 

The theoretical treatment in Section 6.2.10 shows that the solubility-

dependent behavior of polymer fiber width can be explained by a model based on 
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homogeneous nucleation and growth until depletion of free polymers. We do not 

have sufficient data to conclude whether the fiber width in these experiments is 

indeed related to the initial nucleus size (fast-nucleation limit) or to the amount of 

initial nuclei (fast-growth limit) but we can discuss whether the fitted values are 

sensible. The interfacial tension between the polymer and a cosolvent is proportional 

to the net cohesive (free) energy in the cosolvent, which in turn depends 

logarithmically on the solubility of the polymer in the cosolvent.48 The fitted values 

in fast nucleation and fast growth in Table 6.02 of 34567 = 6 (respectively 1.8) would 

imply a net cohesive energy of that is a factor 6 (respectively 1.8) larger in DIO than 

in oDCB. This in turn implies that the polymer solubility in DIO is the 6th 

(respectively 1.8th) power of that in oDCB because the solubility depends 

exponentially on the cohesive energy.48 Assuming a solubility of 10 mg mL-1 in oDCB 

(Section 6.2.8) this leads to an implied solubility in DIO of 10-9 mg mL-1 (respectively 

0.25 mg mL-1). We find it likely that in reality the value is somewhere in between 

these values.  

Regarding the fitted values for	Δ
34567 and to check for consistency, ref. 44 

shows that there is a relation between 34567 and 	Δ
34567. This relationship originates 

in the fact that both parameters depend on the solubility. The found relationship is 

consistent with our fitted values.  

6.4 Conclusion 

The large typical length scale of the polymer fiber networks seen in DT-

PDPPTPT:[70]PCBM solar cells are too large for high solar cell performance, but can 

be used as a “model” system to study fiber formation in the semicrystalline polymers 

used in organic solar cells. The large fiber width is relatively easy to analyze 

quantitatively, and we introduced three different quantification methods. We have 

investigated the effect of the most commonly used processing parameters on solar 

cell performance and correlate that to differences in fiber width. Surprisingly, we 

find that the fiber width is not significantly influenced by fullerene type, fullerene 

amount, drying rate, thermal annealing, and the amount of cosolvent. These 

experiments show that fiber width is not limited by ripening (growth after the 

depletion of free polymers). Only the molecular weight of the polymer and the type 

of cosolvent exert large effects on the fiber width. We attribute the changes in fiber 

width to the solubility of the polymer in the cosolvent and posit that these polymer 

fiber networks are formed in a process governed by nucleation-and-growth of free 

polymers. Our proposed model shows that solubility effects can indeed explain the 

observed trend in fiber width for devices processed from a ternary solvent blend. 
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The results and conclusions drawn in this chapter show that we can tune the length 

scale of the solar cell morphology by controlling the polymer solubility in the 

cosolvent. These findings will have to be verified for other polymer:fullerene 

combinations, preferably using quantitative methods. Understanding the origin of 

the morphological length scale will lead to improved optimization procedures for 

organic solar cells. Also, these results show why controlling solubility and molecular 

weight in the design of new polymers is crucial in the development of high-

efficiency photoactive materials. The solubility of the polymer in the cosolvent is a 

convenient handle to control the typical size of fiber networks in polymer solar cells. 
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6.6 Experimental details 
Polymer: In a previous study in our group12 an alternating copolymer consisting of electron-

withdrawing diketopyrrolopyrrole (DPP) groups and electron-donating thiophene-phenyl-thiophene 

groups (TPT) was made with different side chains. In that study, solar cells were made by combining this 

material with [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM) as electron acceptor in a 1:2 weight 

ratio. Solution concentration, cosolvents and spin coating settings where optimized to optimize solar cell 

performance for each material. It was shown that the material with the long 2-decyltetradecyl (DT) side 

chains on the DPP-unit made the lowest performing solar cells, which was caused by too large fibers. 

Fiber width increased with side-chain length, presumable caused by the increase in polymer solubility. 

In this contribution, we used the same synthesis as in the previous study to synthesize a new batch, 

denoted as P00. Finally, a few cells were made with PDPPTPT with 2-hexyldecyl (HD) side chains. 

Fractionation: We obtained different polymer fractions with a trend in molecular weight with an 

extraction experiment. For this purpose ~25 mg of P00 was wrapped in a filter paper, which was 

submerged in a large volume (~50 mL) of chlorobenzene (CB, 99.8%, Sigma Aldrich) at 30 °C. After 

overnight stirring, a low molecular weight fraction dissolved in the CB through the filter paper. The dilute 

solution was dried, redissolved in chloroform and then precipitated in methanol (fraction P30, yield ~3.8 

mg). The polymer that remained in the filter paper was again submerged in a large volume of CB and 

now stirred overnight at 40 °C, then dried and precipitated in the same way (fraction P40, yield ~3.8 mg). 

The whole process was further repeated at 50 °C (fraction P50, yield ~1.8 mg), 65 °C (fraction P65, yield 

~5.4 mg) and 90 °C (fraction P90, yield ~6.5 mg). 

Substrates: Patterned indium tin oxide (ITO) substrates were bought from Naranjo Substrates. 

After sonication in acetone, scrubbing in sodium dodecyl sulfate solution (99%, Acros), rinsing with 

deionized water and a final sonication step in 2-propanol they were treated with UV-ozone for 30 

minutes. For interference experiments silicon substrates (Si-Mat, 525 µm thickness with 200 nm SiO2 

layer) were used, which were cleaned similarly, but UV-ozone was replaced with an air plasma treatment 

(Diener Electronic Femto PCCE, 100% power, 10 minutes). On both substrates a layer of 
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poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, Heraeus Clevios PVP Al 4083) was 

spin coated at 3000 rpm, resulting in a thickness of ~40 nm. 

Device processing: The polymer and fullerene ([60]PCBM & [70]PCBM, Solenne BV, 99% purity or 

ICBA, Luminescence Technology Corp.) were weighed in the indicated concentration and ratio. The used 

cosolvents were 1,2-dichlorobenzene (oDCB, 99%, Sigma-Aldrich), 1,8-diiodooctane (DIO, 98%, Alfa-

Aesar), 1-chloronaphthalene (CN, >85%, Fluka) and diphenyl ether (DPE, 99%, Sigma-Aldrich). The 

solvent/cosolvent blend was prepared by adding the indicated amount of cosolvent to chloroform (CF, 

AR grade, Biosolve). The solvent/cosolvent blend was added to the solids on the day of solar cell 

fabrication. The solution was stirred for 1 hour at 90 °C. After cooling down to room temperature during 

10 minutes under continued stirring the films were spin coated in the shortest time span possible to avoid 

aggregation of the solution. 

Current density-voltage (J-V) measurements: The active area of the solar cells is defined by the 

overlap of the patterned transparent ITO electrode with the evaporated Lithium Fluoride (1 nm) and 

Aluminum (100 nm) back electrode to be 0.09 cm2. A Hoya LB120 daylight filter was used to obtain a 

simulated solar spectrum from a tungsten halogen lamp. A silicon photodiode was used to check the total 

light intensity to be ~100 mW cm-2.  

External Quantum Efficiency (EQE): A Philips focusline tungsten halogen lamp was chopped at 

~170 Hz. The light was monochromated by a Oriel Cornerstone 130. This modulated and monochromated 

light illuminated the sample in conjunction with a green laser bias (532 nm) through an aperture with an 

area of 0.0314 cm2. The modulated photocurrent was amplified with a Stanford Research System Model 

SR570 current preamplifier and then measured with a Stanford Research Systems SR830 lock-in amplifier. 

A calibrated silicon reference cell was used to convert the measurements into EQE. 

Drying curves: A Melles-Griot 5 mW HeNe laser (632.8 nm) was spread to a spot of ~3 mm radius 

using a biconvex lens. The specular reflection (which contains the interference signal) from the spinning 

silicon substrate was diffused using white paper and collected with a Thor Labs SM1PD1A photodiode. 

A second photodiode (Hamamatsu S2281) collected light scattered by inhomogeneities in the spin-coating 

film. Both photodiodes were behind a Thor Labs FL632.8-3 laser line filter to remove unwanted 

environmental light from the signal. Two Stanford Research System Model SR570 current preamplifiers 

(high bandwidth mode, 10 nA V-1) amplified the signals, which were then recorded simultaneously with 

a time resolution of ~1 ms by a Keithley 2636A sourcemeter. A script in Wolfram Mathematica 10.0 was 

used to select peaks and valleys in the interference signal, which were used to back-calculate the thickness 

evolution during solvent evaporation. Working backwards, each peak-valley adds a thickness of ~100 nm 

(_/�4	a	 cos e�) to the dry layer thickness (measured with a Veeco Dektak 150 profilometer). Here λ is the 

wavelength of the laser, θ is the angle of incidence and the refractive index n was estimated using the 

approximate volume fractions of all components. 

Transmission Electron Microscopy (TEM): The PEDOT:PSS of solar cell devices was dissolved in 

deionized water to float the polymer:fullerene layer, which was picked up on a 200 square mesh copper 

grid. A Tecnai G2 Sphere was operated at 200 kV and -10 µm defocus up until 11500× magnification for 

quantification experiments. The high-magnifcation image shown in Figure 1 was made at 50000× with a 

defocus of -1 µm. Damage to the sample due to the electron beam is avoided using the beam blocking 

function of the low-dose mode. 

Gracing Incidence Wide Angle X-ray Scattering (GIWAXS): GIWAXS measurements were performed 

at the Dutch-Belgian beamline BM26B at the ESRF, Grenoble (France). A photon energy of 12 keV and a 
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beam size at the sample of about 1x0.1 mm were used. 2D images were collected using a Frelon CCD 

camera with pixel size 48.8 µm (2048x2048 pixels). A sample-to-detector distance of 125 mm was used. 

After aligning the sample with respect to the direct, GIXD images were collected at an incident angles αi 

of 0.2° above the critical angle of the samples. Four images of 30 s exposure time each were averaged in 

order to increase the statistic. Each image was first corrected for the detector dark current and then 

normalized for the incoming X-ray intensity measured using an upstream ionization chamber. The 

sample-to-detector distance and the beam center were calculated accordingly to the position of the 

diffraction peaks from standard Silver Behenate and alpha Al2O3 oxide powders. A Matlab code was used 

to convert the pixels to the respective q coordinates and to extract the intensity cuts along the vertical qz 

and the horizontal qy directions. The three components qx, qy and qz of the scattering vector q were defined 

accordingly to the standard GISAXS/GIWAXS notation as: 

f�g, i, j�
kl
m
lnfo = 2�

_ pcosq2e�r cosqs�r − cos	�s �t
fu = 2�

_ psinq2e�r cosqs�rt
fw = 2�

_ psinqs�r + sin	�s �t
 

where αf is the exit angle in the vertical direction, 2θf is the in plane scattering angle, qx is the component 

along the projection of the beam onto the surface, qy is the in plane component in the direction parallel to 

the surface and qz is the component in the direction of the surface normal.49 The vertical qz cuts were 

calculated at qy = 0, while the horizontal qy cuts were calculated at qz = 0.5 nm-1.  

Fourier-Transform (FT): At least five original TEM-images at low magnification (1700×) are 

Fourier-transformed by the function ImagePeriodogram in Wolfram Mathematica 10. These are radially 

averaged and then converted to real-space coordinates. A parabolic function is fitted to a manually 

selected x-range which contains a peak (see Figure 6.03a). The position of this peak is averaged over all 

images and a standard deviation is calculated accordingly. 

Edge-based Mean Segment Length (EMSL): Edges are detected in at least five medium magnification 

(5000×) TEM images by a Canny edge-detection algorithm28 using the Wolfram Mathematica 10.0 function 

EdgeDetect, with the pixel range set to 10 (see Figure 6.03b). Based on the definition of the mean intercept 

length,29,30 but assuming isotropy, all possible horizontal and vertical lines are scanned (2×1024 lines) and 

the distance between each encountered edge is added to a list. We call the average value of this list the 

mean segment length. This value is averaged over all images. However, also a histogram of the list of 

segments lengths encountered in all six images can be generated, as is shown in Figure 6.03c. 

Skeleton transform (ST): Medium-magnification (11500×) TEM-images are first filtered31,32 to 

remove noise and large-scale intensity fluctuations. Using Wolfram Mathematica 10.0, a BilateralFilter is 

applied to remove noise with spatial spread of 5 pixels and a pixel value spread of 0.2. Then, a 

TopHatTransform removes large-scale intensity fluctuations using a disk with a radius of 50 pixels as 

structuring element. Then Opening and Closing are subsequently applied using a disk with a radius of 

two pixels as structuring element to remove small features. Finally, a FillingTransform is applied to the 

color-inverted image to fill all extended minima. The result is then binarized using a global threshold and 

then re-inverted. Then a medial axis transform33 is applied using the Mathematica function 

SkeletonTransform to this binary image, from which loose branches are removed by Pruning to infinity. 

All these steps are shown in Figure 6.04. In these skeleton images the value of a pixel indicates the closest 

distance to a background pixel, which is thus indicative of the half of the fiber width at that point. This 
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width is averaged over all images, and the standard deviation is calculated accordingly. Alternatively, a 

histogram of all non-zero pixel values can be shown, an example of which is shown in Figure 6.05.  
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Chapter 7 

Depositing fullerenes in swollen 

polymer layers via sequential 

processing of organic solar cells*

 
 

 

 

Abstract 

Polymer solar cells are conventionally processed by coating a multi-component mixture 

containing polymer, fullerene, solvent, and cosolvent. The photovoltaic performance strongly 

depends on the nanoscale morphology of the blend, which is largely determined by the precise 

nature of the solvent composition and drying conditions. Here, we investigate an alternative 

processing route in which the two active layer components are deposited sequentially via spin 

coating or doctor blading. Spin coating the fullerene from o-dichlorobenzene on top of the 

polymer provides virtually identical morphologies and photovoltaic performance. Using 

blade coating, the influence of the second-layer solvent for the fullerene derivative is 

investigated in further detail. Different aromatic solvents are compared regarding swelling 

of the polymer layer, fullerene solubility, and evaporation rate. It is found that while swelling 

of the polymer by the second-layer solvent is a necessity for sequential processing, the 

solubility of the fullerene derivative in this solvent has the strongest influence on solar cell 

performance. Homogeneous layers in which a sufficient amount of fullerene can infiltrate the 

polymer film can only be achieved when solvents are used that have a very high solubility for 

the fullerene and swell the polymer layer.  

                                                           
* This chapter is published as: J. J. van Franeker, S. Kouijzer, X. Lou, M. Turbiez, M. M. Wienk, and R. A. 

J. Janssen, Adv. Energy Mater., 2015, 5, 1500464. 
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7.1 Introduction 

Presently, the universal method for manufacturing polymer:fullerene organic 

solar cells is depositing both components from a common solution. The solution, or 

ink, thus consists of at least three components: polymer, fullerene, and solvent. To 

obtain optimized performance it is often mandatory to include cosolvents or 

processing agents.1 During film formation the volatile solvents evaporate and the 

system eventually reaches a state in which it becomes thermodynamically unstable, 

either because the solubility limit for one of the components is surpassed2 or because 

liquid-liquid phase separation occurs when the system enters the spinodal regime.3 

At this point, polymer-rich and fullerene-rich phases will start to form. The growth 

of these phases is frozen-in when the film solidifies at the time that all solvent has 

evaporated. The resulting morphology is called a bulk heterojunction.4 The exact 

composition of the phases and the typical length scales in this bulk heterojunction 

morphology are very important for the efficiency of the solar cell. 

An alternative processing route is to sequentially deposit layers.5 This 

involves depositing the polymer in a first step, followed by the deposition of a 

fullerene derivative in a second step, using different solvents for each component. 

In some cases bilayered structures are formed using sequential deposition method, 

but it is also possible that significant intermixing between the two components takes 

place.6 Using this route, it is necessary to use an orthogonal solvent in the second 

step to avoid washing off the underlying layer, or to use a cross-linked polymer.7 

For sequentially processed poly(3-hexylthiophene):[6,6]phenyl-C61-butyric acid 

methyl ester (P3HT:[60]PCBM) solar cells thermal annealing is required to achieve 

proper intermixing of the layers and good solar cell performance.6,7 For more recent 

and more efficient polymer:fullerene blends, however, it has been shown that 

sequential processing of efficient bulk heterojunction solar cells is possible with less 

or no thermal annealing.8  

The success of sequential processing hinges on the nature of the orthogonal 

or selective solvent used to deposit the fullerene,8 but a detailed understanding of 

the favorable properties and determining characteristics of such a solvent is lacking. 

Because a substantial intermixing of polymer and fullerene is required for high 

photovoltaic performance, swelling of the polymer layer by the second solvent has 

been suggested to be essential. 8d,8f To obtain insight in the parameters controlling 

the formation of bulk heterojunction formation via sequential processing, we study 

deposition of [6,6]phenyl-C71-butyric acid methyl ester ([70]PCBM) on top of a 

poly(diketopyrrolopyrrole–alt–quinquethiophene) (PDPP5T) donor polymer film 



Depositing fullerenes in swollen polymer layers via sequential processing of organic solar cells 

 

139 

(Figure 7.01) via spin coating and doctor blading. The photovoltaic performance 

varies widely with the solvent used for depositing [70]PCBM, but for selected 

solvents sequential processing results in very similar efficiencies and morphologies 

as conventional one-step processing. We investigate different aromatic solvents with 

respect to swelling of the PDPP5T layer, evaporation rate, and solubility of the 

fullerene. Although swelling of the polymer by the second solvent is essential, we 

demonstrate that the crucial parameter for a high efficiency in sequential layer 

deposition is the solubility of [70]PCBM in the second solvent. We show that 

sequential deposition can possibly eliminate the use of chlorinated solvents that are 

commonly employed in direct, single-step processing protocols for organic solar 

cells.  

 
Figure 7.01. Molecular structures of PDPP5T (a), [70]PCBM (b), and a schematic outline of device 

processing procedures. 

7.2 Results 

Conventional processing of optimized PDPP5T:[70]PCBM photoactive blends 

involves spin coating from chloroform (CHCl3) as a primary solvent with 5 vol% o-

dichlorobenzene (oDCB) as cosolvent (Figure 7.01). Blends processed from this 

CHCl3:oDCB (95:5 v/v) solvent mixture provide power conversion efficiencies 

(PCEs) of 5.7% (Table 7.01) in solar cells when sandwiched between a transparent 

ITO/PEDOT:PSS hole collecting electrode and a LiF/Al electron extracting contact.  

7.2.1 Polymer:fullerene ratio 

For sequential processing we chose to first spin coat a layer of PDPP5T from 

CHCl3, followed by spin coating [70]PCBM on top (see schematic in Figure 7.01). The 
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choice of the solvent for depositing [70]PCBM is important. To enable infiltration of 

[70]PCBM into the previously deposited PDPP5T film, the solvent used for 

depositing [70]PCBM must have some affinity for PDPP5T. We find that oDCB is 

such a partial solvent for PDPP5T. After repetitive spin coating of pure oDCB on top 

of a PDPP5T layer, more than half of the volume of polymer is left behind, even 

though some is flushed away. Size exclusion chromatography (SEC) (in superheated 

chloroform, Figure 7.02) of the original polymer (Mp = 29 kDa), a fraction that 

remains after flushing a polymer layer with oDCB (Mp = 32 kDa), and the fraction 

removed by the flushing with oDCB (Mp = 5 kDa) revealed that only the low-

molecular-weight fraction is flushed away. This makes oDCB a suitable solvent for 

sequential processing of [70]PCBM on PDPP5T. 

 
Figure 7.02. SEC traces of the original polymer, a fraction that remains after flushing a polymer layer 

with oDCB and the fraction that was removed by flushing with oDCB (the oDCB has been evaporated 

and the fraction has been re-dissolved in chloroform). All have been measured in superheated 

chloroform (145 °C) against polystyrene standards which are also shown in the graph. 

First, to check the influence of an intentional or unintentional delay time 

between the application of the droplet of [70]PCBM on the PDPP5T layer and the 

start of spin coating a series of experiments has been conducted. A 6 mg mL-1 

solution of PDPP5T has been spin coated at 800 rpm. [70]PCBM was dissolved in 

oDCB in a concentration of 24 mg mL-1. A droplet sufficiently large to cover all active 

areas was applied on top of the PDPP5T film. Spin coating at 1500 rpm was started 

either as soon as possible or after a set delay time, with the ramp rate set to 

maximum. The power conversion efficiency of all cells was between 5.1 and 5.4% 

and the current density-voltage curves are shown in Figure 7.03. The small 

differences show that the effect of the delay time is not significant, which indicates 

polymer swelling is relatively fast. Also, this means that an unintentional delay time 
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will not cause deviations in the experiments. As the effect was small, in the following 

the delay was always kept below 5 seconds. 

  
Figure 7.03. Current density-voltage measurements on sequentially processed solar cells with varying 

delay time between the application of [70]PCBM and start of spin coating. 

By depositing PDPP5T from CHCl3 at different spin rates and depositing 

[70]PCBM on top from oDCB also at different spin rates, solar cells with varying 

PDPP5T:[70]PCBM composition were obtained. The fact that some polymer is 

washed away in the second spin coating step prevents direct determination of the 

PDPP5T:[70]PCBM ratio in the film from the increase in film thickness. To measure 

this ratio, the active layers were re-dissolved in chloroform and UV-vis absorption 

spectra of these solutions were fitted with absorption spectra of reference solutions 

of PDPP5T and [70]PCBM to determine the blend ratio.9 The total thickness was 

measured using profilometry. Combining the photovoltaic performance with these 

data gives insight in the dependence of the various performance parameters on the 

equivalent layer thicknesses of both components in the total layer, as shown in 

Figure 7.04. In general, the short-circuit current density (Jsc) of polymer:fullerene 

solar cell strongly depends on the morphology, which influences the efficiency of 

charge generation, separation, and collection, and on the total layer thickness which 

influences absorption and charge recombination. For equivalent layer thicknesses of 

PDPP5T of 20−40 nm, a wide range (40−80 nm) of equivalent [70]PCBM-thicknesses 

give adequate Jsc, fill factor (FF), and PCE (Figure 7.04). The variation in open-circuit 

voltage (Voc) was small and is not shown. 
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Figure 7.04. Short-circuit current density, fill factor, and efficiency of PDPP5T:[70]PCBM solar cells 

prepared via sequential processing as function of PDPP5T and [70]PCBM content (expressed in 

equivalent layer thicknesses). Black dots indicate actual measurements with the interpolated contours. 

Brown dashed lines indicate a constant PDPP5T:[70]PCBM ratio (1:1, 1:2, and 1:4 w/w) and dotted gray 

lines are lines of constant total thickness (80 nm and 100 nm). Parameters for the cell indicated with a 

circle are collected in Table 7.01. For these solar cells both layers are spin coated. The Jsc and PCE values 

are from the J−V characteristic under simulated AM1.5G white light and are not corrected by integrating 

the EQE with the AM1.5G spectrum. 

7.2.2 Comparison of conventional processing to sequential processing 

The performance of the best sequentially processed solar cell (CHCl3/oDCB 

with PDPP5T:[70]PCBM weight ratio of 1:4) is compared with the performance of 

the optimized bulk heterojunction solar cell (weight ratio of 1:2) fabricated using the 

CHCl3:oDCB (95:5 v/v) solvent-cosolvent mixture and a device processed without 

cosolvent (CHCl3-only) in Figure 7.05ab and Table 7.01. The external quantum 

efficiency (EQE) measurement shows that the sequentially processed cell generates 

a lower photocurrent than the optimized conventionally processed cell. The current 

density-voltage (J−V) measurements show that the open-circuit voltage is also 

slightly lower, but due to the higher fill factor the PCE is only slightly lower. The 
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PCE of the sequentially processed device is much higher than for the conventionally 

processed CHCl3-only device.  

Table 7.01. Comparison of device performance for the solar cells shown in Figure 7.05. 

solvent ratioa 
d 

(nm) 

Jsc b 

(mA cm-2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

CHCl3 only 1:2 92 4.4 0.65 59 1.7 

CHCl3:oDCB c 1:2 81 15.5 0.57 65 5.7 

CHCl3 /oDCB c  1:4 93 13.8 0.55 67 5.0 

CHCl3 /oXyl c 1:2 90 12.5 0.57 54 3.8 

CHCl3 only 1:2 92 4.4 0.65 59 1.7 

CHCl3:oDCB c 1:2 81 15.5 0.57 65 5.7 

CHCl3 /oDCB c  1:4 93 13.8 0.55 67 5.0 
a PDPP5T:[70]PCBM mass ratio b Calculated by integrating the EQE with AM1.5 solar spectrum. c The 

“:” sign is used to indicate a solvent mixture, and the “/” sign to indicate sequential processing by the 

solvents.  

To visually compare the morphologies that result from the different 

deposition methods, transmission electron microscope (TEM) images have been 

acquired for all processing routes (Figure 7.05c). Narrow polymer fibers can be seen 

in the TEM images for all films except the CHCl3-only blend. For the CHCl3-only 

blend the coarse phase separation, with [70]PCBM droplet-like domains that 

originate from spinodal liquid-liquid decomposition, is detrimental for the device 

performance.3 The differences in TEM images of the other processing routes are too 

small to be conclusive. This indicates that the morphology formed by sequential 

processing does not differ significantly from the conventional bulk heterojunction, 

at least within the resolution limits of these TEM images. Vertical composition 

profiles were obtained by depth-profiling X-ray photoelectron spectroscopy (XPS) 

(Figure 7.05d). For the conventional single-step spin coating methods the 

[70]PCBM:PDPP5T ratio is virtually constant. For the sequentially processed 

PDPP5T:[70]PCBM layer, the average [70]PCBM:PDPP5T ratio determined by XPS 

is 1:4.5 and the depth profile shows that the PDPP5T and [70]PCBM are well 

intermixed throughout the device. The apparent increase of the [70]PCBM 

concentration near the bottom and decrease at the top (Figure 7.05d) are possibly 

influenced by the use of the silicon substrate instead of PEDOT:PSS and surface 

oxidation. 
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Figure 7.05. Spin coated solar cells. (a) J−V and (b) EQE measurements of PDPP5T:[70]PCBM (1:2 w/w) 

solar cells one-step spin coated from CHCl3 and from CHCl3:oDCB compared to sequentially spin-

coated devices using CHCl3/oDCB (PDPP5T:[70]PCBM ratio 1:4) and CHCl3/oXyl (PDPP5T:[70]PCBM 

ratio 1:2). (c) TEM images (1.21 μm × 1.21 μm) of these films. (d) For the latter three processing routes 

samples have been made on silicon substrates and the depth profile of the [70]PCBM:PDPP5T ratio 

obtained by XPS is shown. 

7.2.3 Processing the fullerene derivative from other solvents 

We also tested sequential processing of [70]PCBM using o-xylene (oXyl) 

instead of oDCB. Non-halogenated solvents are environmentally friendlier and 

desired in up-scaling of printing processes for polymer solar cells. A solar cell 

produced by spin coating PDPP5T from CHCl3, followed by spin coating of 

[70]PCBM from o-xylene gives an optimum PCE of 3.8% (Table 7.01, Figure 7.05), 

showing that results are sub-optimal. This is attributed to the formation of a quasi-

bilayered structure, as inferred from depth-profiling XPS (Figure 7.05d). A fullerene-

rich phase near the air interface can be beneficial for performance,10 but the 

PDPP5T:[70]PCBM ratio of 1:1 in the mixed phase is too low and explains the low 

fill factor. The results obtained with depositing [70]PCBM from o-xylene reveal that 

the nature of the second solvent is important for the resulting solar cell performance. 
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Using spin coating from o-xylene, we found a considerable variation in performance 

between different runs. Using doctor blading as alternative deposition method for 

the second-layer turned out to be reproducible and is used in the following. 

7.2.4 Doctor bladed solar cells 

Doctor blading is more easily translated to industrially relevant roll-to-roll 

processes and has been shown to allow for efficient devices for PDPP5T:[70]PCBM 

blends.11 As a new reference for conventional doctor blade processing, we processed 

PDPP5T:[70]PCBM from the CHCl3:oDCB (95:5 v/v) solvent-cosolvent mixture 

(Figure 7.06). The Voc of 0.55 V is slightly lower than for the spin coated cell (Table 

7.01), but the FF of 65% is the same and the Jsc of 15.8 mA cm-2 is even slightly higher, 

which leads to a PCE of 5.7%, which is very similar to the PCE of the spin coated 

cell. Similar PCEs can be obtained by sequential processing of the second layer either 

via doctor blading and spin coating. The first (PDPP5T) layer was processed by spin 

coating from chloroform resulting in a polymer layer thickness of 40−50 nm, but the 

second ([70]PCBM) layer was deposited by doctor blading, using oDCB as solvent. 

In this way, a PCE of 5.2% is obtained by sequential processing (Figure 7.06 and 

Table 7.02). This is slightly higher than the results when using two spin coated layers 

(Table 7.01). 
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Figure 7.06. Doctor bladed solar cells. (a) J−V and (b) EQE measurements. CHCl3:oDCB was doctor 

bladed from a four-component blend in which PDPP5T and [70]PCBM were dissolved in a 1:2 weight 

ratio in chloroform with 5 vol.% oDCB as cosolvent. The other four cells are based on a 40−50 nm thick 

PDPP5T layer, spin coated from chloroform with a [70]PCBM layer doctor bladed on top from TMB, 

oDCB, o-xylene, m-xylene, or toluene. 

In Figure 7.06 and Table 7.02, we show that 1,2,4-trimethylbenzene (TMB) can 

be used to reach high PCEs of up to 5.3%, similar to that reached by oDCB. Again, 

with o-xylene reasonable solar cells are made with a PCE of 3.2%, but even after 

extensive optimization this could not be significantly increased. Even more striking 

is that when toluene or m-xylene were used to deposit [70]PCBM the results were 
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even worse, with PCEs of only 0.1% and 0.5% respectively. Optical microscopy 

(Figure 7.07a,b) and scanning electron microscopy (SEM, Figure 7.07e,f) reveal that 

the low efficiency found using toluene or m-xylene can be ascribed to a poor film 

morphology. The images show formation of droplet-like features and dendritic 

crystallites on top of the polymer film. The latter can only be due to [70]PCBM. By 

eye, the film in-between the droplets is clearly greener than the redder films made 

from o-xylene and TMB, indicating a low fullerene content in the polymer film. The 

reduced amount fullerene that is mixed with the polymer explains the strongly 

reduced photovoltaic performance. With optical microscopy no significant 

differences can be seen between o-xylene and TMB (Figure 7.07c,d). However, using 

atomic force microscopy (AFM) a clear difference can be seen. For TMB a very 

homogeneous film has been formed (Figure 7.07h), while we see an inhomogeneous 

surface morphology for o-xylene (Figure 7.07g), which we expect to be caused by 

deposition of [70]PCBM on top of the polymer-rich film. The resulting gradient in 

sulfur content has been verified using XPS (Figure 7.08). The moderate efficiency in 

the sequentially doctor bladed films from o-xylene is thus caused by a quasi-

bilayered structure in which the fullerene has insufficiently penetrated into the 

polymer film, and the remainder has been deposited on top of the polymer-rich film, 

similar to the solar cells made by sequential spin coating of [70]PCBM from o-xylene 

(Figure 7.05). The differences in the exact morphology of the [70]PCBM deposited 

on top of the polymer-rich layer between the doctor bladed sample (Figure 7.07g) 

and the spin coated sample (Figure 7.05) can be well explained by the differences in 

coating method and coating temperature. 

 
Figure 7.07. Optical micrographs (a,b,c,d, scale bar 60 μm), SEM images (e,f, scale bar 20 μm) and AFM 

height images (g,h, scale bar 1.0 μm, height scale 40 nm) of sequentially processed solar cells, using 

toluene (a,e), m-xylene (c,f), o-xylene (c,g) and TMB (d,h) as second-layer solvents. The lines in (c,d) are 

caused by the movement of the drying front during doctor blade coating. 
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Figure 7.08. The ratio of carbon to sulfur as a function of depth in the active layer for solar cells where 

the [70]PCBM was doctor bladed from either o-xylene or 1,2,4-trimethylbenzene. 

7.2.5 Polymer swelling in the second-layer solvent 

To make efficient solar cells, [70]PCBM has to infiltrate the polymer layer 

during processing from a second solvent. This can be achieved if this second-layer 

solvent swells the polymer film, thereby enabling the fullerene to infiltrate into the 

polymer film. A possible cause for bad performing sequentially processed solar cells 

is that the second-layer solvent is unable to swell the polymer layer sufficiently. To 

measure the extent of polymer swelling in different solvents, we used a quartz 

crystal microbalance with dissipation (QCM-d).12 An AT-cut quartz crystal can 

resonate in thickness-shear-mode when an alternating voltage is applied to the gold 

electrodes at both sides of the quartz crystal.12a The resonance frequency (F ~ 5 MHz) 

depends on the total oscillating mass; if mass is added to the electrode the resonance 

frequency decreases. Also, if the mass is non-rigid this will cause energy dissipation 

(D), which can be measured as well. To study polymer swelling a quartz crystal is 

coated with a PDPP5T film (thickness 40−50 nm). Solvents are then flowed over the 

polymer-coated side of the quartz crystal in a flow-cell geometry. Figure 7.09 shows 

an example of raw-data collected for overtones n = 3, 5, 7 and 9 during a 

measurement sequence for o-xylene.  
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Figure 7.09. Raw QCM-d data. 2-propanol (IPA) is used as a non-solvent. The rationale of this solvent 

sequence is discussed later in the text. 

This raw data is hard to interpret because the mass coupled to the quartz 

crystal only changes ΔF, but this ΔF is also influenced by the viscosity-density 

product of the solvent, which influences both ΔF and ΔD. Parlak et al.12b derived a 

method to decouple mass adsorption from fluid density and viscosity. It is possible 

to calculate a new parameter, F*, using both F and D. This F* is proportional to the 

mass density coupled to the quartz crystal. Subsequently, the mass density can be 

calculated using Equation 7.01, which is the Sauerbrey equation.12c  

∆�∗ = −
�

�
 	
 7.01 

Here, 	
 is the mass density in g m-2, n the overtone number and � =

17.7 ng cm��Hz�� a constant specific to the used quartz crystal. This mass density 

increase can in turn be transformed in a thickness increase by using the density of 

the test solvent. Also, now, the difference between F* and F is proportional only to 

the density-viscosity product of the solvent. The results of applying the method of 

Parlak et al. to the data from Figure 7.09 is shown in Figure 7.10a. It becomes clear 

that the non-swelling-solvent 2-propanol (IPA) does not increase the measured mass 

density, while its presence is very clear in the measured viscosity-density product.  
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Figure 7.10. Decoupled mass density and viscosity-density product of the solvent from the QCM-d 

measurement sequences of o-xylene (a) and oDCB (b). 

In the case of o-xylene (Figure 7.10a), which is similar to all other tested 

halogen-free aromatic solvents, all overtones behave similarly, which indicates that 

the use of the Sauerbrey equation is valid. This means that solvent in the swollen 

polymer layer behaves as a rigid mass coupled to the quartz. Thus, for the halogen-

free aromatic solvents we can calculate the thickness increase. However, in the case 

of oDCB (Figure 7.10b), the overtones behave dissimilarly. This indicates that the 

film can no longer be considered rigid due to the increased swelling. This will cause 

the calculated thickness increase to be an underestimation of the real swelling. 

Therefore we can safely state that oDCB swells the polymer film more than the 

halogen-free aromatic solvents. However, the actual amount of swelling is, in the 

case of oDCB, unknown. Possibly this could be calculated using visco-elastic 

modeling, but this is beyond the purpose of this chapter. 

The measurement for o-xylene is shown in simplified form in Figure 7.11a. 

First, as a non-solvent, IPA is flowed over the PDPP5T layer. IPA does not increase 

the measured mass density: as expected the polymer film is not swollen by IPA. 

After that the test-solvent (o-xylene in the example shown in Figure 7.11a), is flowed 

over the PDPP5T. This increases the mass density measured by the QCM-d, 

indicating that o-xylene swells the polymer film and the mass of the solvent that has 

infiltrated the polymer layer joins the oscillation of the quartz crystal. This mass 

density increase can be converted into a thickness increase using the density of the 

solvent, because all added mass is solvent. When IPA is flowed again, the film mass 

density does not decrease to an entirely unswollen state, either because not all o-

xylene can be removed from the film, or because IPA cannot swell PDPP5T by itself 

but may infiltrate the space made by o-xylene. Then the polymer film is blow-dried 

by air and it can be seen that the mass density is slightly negative: the flow of o-
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xylene has removed a small part of the polymer film. After this again IPA is used, 

but now it seems that even this non-solvent causes a (small) mass density increase. 

This might be explained by the fact that the film is now rougher or more porous, and 

thus some IPA joins the oscillation at the surface. A repeated flow of o-xylene and 

IPA shows the swelling is reproducible. Then a good solvent (chloroform, CHCl3) is 

flowed, which first shortly increases the mass density (indicating large swelling) and 

then decreases the mass density (indicating removal of the film). Now the crystal is 

further washed with o-xylene and IPA before blow-drying again with air. The total 

mass density that has been removed by CHCl3 can then be converted into the initial 

polymer layer thickness using the estimated density of PDPP5T (1000 kg m-3). The 

small steps from o-xylene – IPA – air are not totally understood, but might be related 

to small amounts of remaining polymer or droplet formation on the crystal surface. 

 
Figure 7.11. Polymer swelling measurements with a quartz crystal microbalance. In panel (a) a 

simplified measurement for o-xylene is shown, which is typical for all non-halogenated aromatic 

solvents. A quartz crystal is coated with a 40−50 nm polymer layer, and then mounted in the setup. Then 

various solvents are flowed in sequence over the coated side of the crystal. A non-solvent (IPA) causes 

no increase of mass density on the sensor, thus no swelling, whereas partial solvents do cause an 

increase of mass density and thus swelling. The sensor is blow-dried with air to measure the mass 

removed by the partial solvent. Finally, a good solvent (CHCl3) is used to remove the remaining polymer 

film from the quartz crystal. In (b) the results are summarized for all solvents tested. These indicate that 

swelling is very similar for all non-halogenated aromatic solvents. For oDCB the swelling seems similar 

as well, but as discussed above this measurement is likely underestimated. The measurement for TMB 

and oDCB has been performed in duplicate to verify reproducibility. 

To investigate if limited swelling can explain the differences in performance 

of sequentially processed solar cells these experiments have been performed on a 

series of aromatic solvents. The data is shown in Figure 7.11b. First, to check if the 

thicknesses as measured by the QCM-d are reliable, the total thickness as measured 

by the QCM-d (40−45 nm) is compared to film thicknesses measured with a 
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profilometer (40−50 nm). This good correspondence indicates that the QCM-d 

measurement is reliable. Second, regarding polymer swelling all non-halogenated 

aromatic solvents behave similarly, with a thickness increase of 118−141%. This 

indicates that differences in swelling are not responsible for the trends in solar cell 

performance. For oDCB the swelling seems only slightly higher than for the non-

halogenated solvents, but this is likely to be underestimated (see discussion above). 

Finally, the removed thickness is very similar for all non-halogenated solvents 

because less than 10% of the initial polymer film is removed by these solvents, except 

for TMB where ~15% of the film is removed. For oDCB ~23% of the film is removed. 

This might indicate that an increased amount of removed material is beneficial for 

solar cell performance. However, because the space made by removed material is 

small compared to the space made by polymer swelling we believe this is not the 

primary reason for the success of second-layer solvents.  

7.2.6 Evaporation rate of the second-layer solvent 

In Section 7.2.5 we have shown that the swelling of the PDPP5T film is similar 

in toluene and TMB. However, when TMB is used as second-layer solvent in 

sequentially processed solar cells, efficiencies of up to 5.3% are reached, while 

efficiencies are limited to 0.1% when using toluene (Table 7.02). The limited 

efficiency for solar cells made using toluene is clearly caused by the formation of 

droplet-like features and dendritic crystallites of [70]PCBM on top of the polymer 

film (Figure 7.07). A significant difference between TMB and toluene is their 

evaporation rate. The boiling point of TMB is 169 °C, while that of toluene is only 

110 °C. It might be that due to the faster evaporation of toluene the fullerene has 

insufficient time to infiltrate the PDPP5T layer, which would then cause the low 

efficiency. To clarify the influence of solvent evaporation rate, solar cells were made 

using toluene, ethylbenzene, and n-propylbenzene. The increasing length of the 

alkyl chain increases the boiling point (Table 7.02) and decreases the evaporation 

rate. As shown in Table 7.02, there is a trend that the PCE increases with boiling 

point, up to 0.3% for n-propylbenzene. However, these PCEs are very low compared 

to those obtained with TMB, even though the boiling point of n-propylbenzene (159 

°C) is very close to that of TMB (169 °C). Thus, the fast evaporation rate of toluene is 

not the cause of the low efficiency. The formation of droplet-like features and 

dendritic crystallites which occurs for toluene does also occur for ethylbenzene and 

n-propylbenzene (not shown) and explains these low efficiencies. 
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Table 7.02. Solvent properties and solar cells characteristics for sequentially processed solar cells via 

doctor blading.a 

Solvent for 

[70]PCBM 

PDPP5T 

swelling 

(mg m-2) 

Boiling 

point d 

(°C) 

[70]PCBM 

solubility 

(mg mL-1) 

Jsc g 

(mA 

cm-2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

toluene 54 110 50 0.53 0.58 31 0.1 

ethylbenzene 47 136 44 0.87 0.58 35 0.2 

propylbenzene 48 159 25 1.35 0.58 44 0.3 

p-xylene 54 138 12 - - - - 

xylenes b (3:1) - - 33 2.63 0.59 42 0.7 

m-xylene 55 139 101 2.04 0.58 43 0.5 

xylenes b (2:3) - - 125 4.47 0.58 55 1.4 

o-xylene 58 144 229e 10.0 0.57 56 3.2 

TMB 56 169 224e 15.1 0.57 61 5.3 

oDCB 91c 180 203f 13.8 0.57 63 5.2 

a The first PDPP5T layer was spin coated from chloroform and [70]PCBM was applied on top by doctor 

blading. b A mixture of p-xylene and o-xylene in the indicated ratio. c Likely to be underestimated, see 

discussion above. d Ref. 13. e Close to measurement limit. f Ref. 14. g Calculated by integrating EQE with 

AM1.5 solar spectrum. 

7.2.7 Solubility of [70]PCBM in the second-layer solvent 

Crystallization on top of the polymer film might be caused by a low solubility 

of the [70]PCBM in the second-layer solvent. To test this possibility the solubility of 

[70]PCBM was measured for all solvents (and solvent combinations) and the results 

are collected in Table 7.02. This clearly shows that high-performing solar cells can 

only be made with solvents in which [70]PCBM is highly soluble. This provides a 

qualitative understanding of sequential processing as shown schematically in Figure 

7.12. For all non-halogenated aromatic solvents collected in Table 7.02 the PDPP5T 

film will initially swell to a similar extent, creating a bilayer of a polymer layer 

infiltrated with the [70]PCBM solution and a [70]PCBM solution on top of the 

swollen polymer. During subsequent evaporation of the solvent, the solubility limit 

of [70]PCBM will be reached at some point in time. At this moment the [70]PCBM 

which has already infiltrated the polymer film will be remain in the film and 

determine the mixing ratio in the polymer-rich film. The [70]PCBM present in the 

remaining solvent layer on top of the polymer film will be deposited there, either in 

the form of crystallites (toluene), amorphous droplet-like domains (most xylenes), 

or a quasi-bilayered structure (o-xylene).  
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Figure 7.12. Schematic steps in sequential processing. A low [70]PCBM solubility in the second-layer 

solvent causes the formation of droplet-like features and dendritic crystallites on top of the polymer 

film and a too-low mixing ratio of the fullerene in the polymer film, which severely hinders the solar 

cell efficiency. 

The remaining question then is why TMB and oDCB sequentially processed 

cells can form a well-mixed vertical distribution of [70]PCBM and PDPP5T which 

leads to high-performing solar cells, while those made from o-xylene do not form 

this correct vertical composition profile and thus suffer in photovoltaic performance. 

How can we explain this difference, even though the measured solubility for 

[70]PCBM is similar? For oDCB this can be explained by the swelling, which is likely 

to be more than for the non-halogenated solvents. With a similar solubility for 

[70]PCBM more fullerene can infiltrate the more swollen layer, because at the 

moment the solubility limit is reached more fullerene is inside the swollen polymer 

film. The difference between o-xylene and TMB is not well understood. It might be 

that the solubility of [70]PCBM in TMB is higher than in o-xylene, which could not 

be measured due to the already high solubility of [70]PCBM in both solvents. A hint 

that this might be the case is that the reported solubility of C60 in TMB is 17.9 mg 

mL-1, which more than twice that for o-xylene (8.7 mg mL-1).15 

7.2.8 Influence of the polymer layer morphology 

Now that we understand the influence of important parameters of the second-

layer solvent, it remains of interest to study if there is any influence of the 

morphology of the first layer. It would be beneficial if we could separate polymer 

deposition from the final morphology formation, such that the morphology would 

solely be determined during the processing of the second layer. If this would be the 

case, the polymer layer might be deposited at higher temperatures from non-

halogenated solvents, without having to worry about the formed morphology.  

To test the effect of the deposition method of the first layer, a solution of 

PDPP5T in CHCl3 was left to age at room temperature. During ageing of this 

polymer small aggregates are formed, as evidenced from a significant red-shift in 

the optical absorption. The aggregates remain finely dispersed in the solution.16 This 

2-month old “preaggregated” solution was spin coated as usual. On top of this 
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preaggregated PDPP5T layer, [70]PCBM has been doctor bladed from TMB. The 

results are shown in Figure 7.13. The PCE of 3.0% is significantly lower than that of 

the reference CHCl3/TMB device (PCE = 5.3%) and that of a cell made with a polymer 

layer from the aged solution after reheating (20 minutes at 90 °C, PCE = 4.2%). The 

cell processed from the preaggregated solution is slightly thicker (137 nm) than the 

cell processed from the reheated solution (115 nm) due to the higher viscosity of the 

preaggregated solution. This thickness difference and the resulting change in 

PDPP5T:[70]PCBM ratio can partly explain the decrease in performance. However, 

the large difference in PCE clearly indicates that the state of the used polymer 

solution, and thus the morphology of the polymer layer, is important in the success 

of sequential processing. In this case the pre-aggregation decreases the efficiency, 

maybe because the fullerene is unable to penetrate the crystalline regions of the 

aggregated polymer.  
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Figure 7.13. (a) J−V and (b) EQE measurements of sequentially processed solar cells, in which the (first) 

polymer layer was spin coated from either a fresh solution in CHCl3, from an aged solution in CHCl3 

(pre-aggregated) and from the same solution but then reheated to remove the aggregates (reheated). 

Also a solar cell processed entirely from non-halogenated aromatic solvents is shown, where the 

polymer (PDPP5T) was spin coated from a hot solution in TMB. [70]PCBM was always doctor bladed 

from TMB. 

We also processed solar cells entirely from non-halogenated solvents. To do 

that a slightly more soluble lower molecular weight (Mp = 38 kDa vs 42 kDa) version 

of the PDPP5T polymer was used. This version could be dissolved in TMB at 110°C 

and then spin coated from this hot solution. Then the [70]PCBM was doctor bladed 

on top from TMB. A thickness optimization series let to a best PCE of 3.2%. This 

result shows that it is possible to process PDPP5T:[70]PCBM solar cells entirely from 

non-halogenated solvents, but that the efficiency is lower than when the first layer 

is deposited from CHCl3. Both experiments show that the morphology of the 

polymer layer is important, and that the first solvent influences the performance too. 
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7.3 Conclusion 

Efficient polymer:fullerene solar bulk heterojunction solar cells have been 

made via a sequential processing procedure in which the fullerene is deposited on 

top of a polymer layer, avoiding the use of solvent/cosolvent mixtures. The efficiency 

of the procedure is highly dependent on the second-layer solvent used for the 

fullerene. It was found that all tested non-halogenated aromatic solvents swell the 

polymer film similarly, but result in a widely different solar cell performance. While 

polymer swelling is a necessity, the main factor to influence the performance is 

found to be the solubility of the fullerene in the second-layer solvent. A too low 

solubility prevents sufficient infiltration of the fullerene in the polymer film, and 

causes the formation of droplet-like features and dendritic crystallites on top of the 

polymer film, or a quasi-bilayered structure. The fullerene content in the polymer-

rich film is then too low to enable efficient charge transport, which significantly 

hinders the solar cell efficiency.  

Similar to the conventional processing of organic solar cells, the universality 

of sequential processing depends largely on the availability of suitable solvents for 

each new polymer:fullerene combination. Recently the success of this method has 

been shown for many different material combinations.8 Because the solvent from 

which the polymer is deposited does not need to dissolve the fullerene, more options 

are available for depositing the polymer layer. Furthermore, Aguirre et al. have 

recently demonstrated an elegant method to meet the dual requirement for the 

second layer solvent using a mixture of two solvents to swell the polymer layer and 

infiltrate the fullerene.8f We thus expect that sequential processing will be possible 

for many polymer:fullerene systems. 

Because sequential processing uses single solvents for each component, we 

expect it can be transferred more easily to roll-to-roll production methods than 

conventional processing using a solvent/cosolvent mixture. It allows solar cells to be 

made entirely from non-halogenated solvents, but more effort is needed to bring 

their efficiencies up to par with conventional processing. Without doubt, sequential 

processing holds promise to be used as an alternative solution-based deposition 

method to make relevant bulk heterojunction morphologies for organic solar cells. 

7.4 Experimental section 
General solar cell preparation: Indium tin oxide (ITO) substrates (30 × 30 mm, Naranjo) were cleaned 

by sonication with acetone, followed by washing with soap, sonication in soap, deionizing in de-

mineralized water, and sonication in 2-propanol. Then the substrates were exposed to UV-ozone for 30 

min. PEDOT:PSS (Heraeus Clevios P VP Al4083) was spin coated at 3000 rpm in air (thickness ~40 nm) as 
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hole extracting electrode. All active layers were also coated in air (see below for exact methods). The 

electron extracting top electrode, consisting of 1 nm lithium fluoride and 100 nm aluminum, was 

thermally evaporated in a vacuum chamber at base pressure of less than 10-6 mbar through a shadow 

mask. The active area was determined by the overlap between ITO and aluminum and was either 3 mm 

× 3 mm or 4 mm × 4 mm. The diketopyrrolopyrrole-quinquethiophene polymer (PDPP5T) was supplied 

by BASF. Two batches were used: batch GSID4133–1 with Mp = 42 kDa, and batch GSID4133-2 with 

slightly lower Mp of 38 kDa. These Mp values differ from those Section 7.2.1, because these are measured 

in oDCB at 140 °C. [70]PCBM was obtained from Solenne BV, > 90% purity. The used doctor blade 

equipment was an Erichsen coatmaster 509 MC. A Veeco Dektak 150 was used to measure layer 

thicknesses. 

Fully spin coated cells: For CHCl3 only: PDPP5T (6 mg mL−1) and [70]PCBM (12 mg mL−1) were co-

dissolved in CHCl3 and stirred overnight at 60 °C. This solution was spin coated on top of the PEDOT:PSS 

layer at 2000 rpm (thickness 92 nm). For CHCl3:oDCB: PDPP5T (6 mg mL−1) and [70]PCBM (12 mg mL−1) 

were co-dissolved in a solvent mixture with 95 vol.% CHCl3 and 5 vol.% oDCB. This solution was stirred 

overnight at 60 °C and spin coated at 2000 rpm on top of the PEDOT:PSS layer (thickness 81 nm). For 

CHCl3 /oDCB: PDPP5T (6 mg mL−1) was dissolved in CHCl3, stirred overnight at 60 °C and spin coated 

on the PEDOT:PSS layer between 450 and 1500 rpm to obtain layer thicknesses between 45 and 80 nm. 

[70]PCBM (24 mg mL−1) was dissolved in oDCB with 15 min. of sonication and spin coated on top of the 

PDPP5T layer, while making sure that the initial drop covered all active areas. Spin coating was done 

between 600 and 3000 pm to reach final layer thicknesses between 52 and 130 nm of which the 

PDPP5T:[70]PCBM ratio has been determined as mentioned in the main text. The example cell with 

PDPP5T:[70]PCBM ratio 1:4 had the PDPP5T layer spin coated at 800 rpm (thickness: 58 nm) and the 

[70]PCBM layer spin coated at 1500 rpm, resulting in a final layer thickness of 91 nm. For CHCl3 /oXyl: 

PDPP5T (6 mg mL−1) was dissolved in CHCl3 and stirred overnight at 60 °C and spin coated on the 

PEDOT:PSS layer at 800 rpm. [70]PCBM (20 mg mL-1) was dissolved in o-xylene with 15 minutes of 

sonication and spin coated on top of the PDPP5T layer at 800 rpm. Final thickness was 90 nm. 

Doctor bladed reference CHCl3:oDCB: PDPP5T (6 mg mL−1) and [70]PCBM (12 mg mL−1) were co-

dissolved in a solvent mixture with 95 vol.% CHCl3 and 5 vol.% oDCB. This solution was stirred for 1 

hour at 90 °C and then coated using a blade height of 254 μm, a blade speed of 40 mm s-1, a coating 

temperature of 50 °C and a liquid volume of 60 μL. The layer thickness was 114 nm. 

Doctor bladed [70]PCBM cells: PDPP5T (6 mg mL−1) was dissolved in chloroform by stirring 1 hour 

at 90 °C. This solution was spin coated at 1250 rpm which resulted in a layer thickness of 40−50 nm. Then 

[70]PCBM was dissolved (20 mg mL−1 for halogen-free solvents, 10 mg mL−1 for oDCB) by 15 minutes of 

sonication. These solutions were doctor bladed on top of the PDPP5T layer using a blade height of 254 

μm, a blade speed of 20 mm s−1, a coating temperature of 50 °C and a liquid volume of 50 μL for halogen-

free solvents and 20 μL for oDCB. Thicknesses were typically 100−120 nm for the uniform films. 

Non-halogenated TMB/TMB device: PDPP5T-2 (8 mg mL−1) was dissolved in TMB by stirring at 

110°C for 1 hour. This solution was spin coated hot at 2400 rpm (thickness ~50 nm). [70]PCBM was doctor 

bladed from a 20 mg mL−1 solution in TMB at 50 °C, using a blade height of 254 μm, a blade speed of 20 

mm s 1 and a droplet volume of 15 μL. The total thickness was 83 nm. 

Current density-voltage measurements: Current density-voltage (J−V) curves were measured in 

nitrogen under simulated sunlight conditions from a tungsten halogen-lamp setup with a Schott GG385 

UV-filter and a Hoya LB120 daylight filter. The system was calibrated with a Si reference cell to obtain an 
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intensity of 100 mW cm−2. A voltage sweep from −2 to +2 Volt was done using a Keithley 2400 source 

meter. 

External quantum efficiency: EQE was determined using a 50 W Philips focusline tungsten halogen 

lamp in combination with an Oriel Cornerstone 130 monochromator. The signal was amplified by a 

Stanford Research System Model SR570 and then measured by a lock-in amplifier (Stanford Research 

Systems SR830). These measurements were converted to EQE by comparing the measurement with a 

silicon reference cell. 

[70]PCBM solubility measurements: At least 30 mg of [70]PCBM was dissolved in 0.3 mL of the 

solvents given in Table 7.02 by sonicating for 15 minutes. If there was no solid [70]PCBM remaining after 

this more [70]PCBM was added and again sonicated. This was repeated until the added [70]PCBM did 

not dissolve. In the case of o-xylene and TMB this was hard to judge due to the high viscosity of the 

solutions. The saturated solutions were left overnight and then filtered through a 0.22 μm PTFE filter and 

then diluted by at least a factor 100 to be able to measure the absorption. The solubility was calculated by 

fitting to the average absorption of four reference solutions of 0.06 – 0.48 mg mL-1 [70]PCBM in toluene 

and then multiplying by the dilution factor. 

SEC: PDPP5T has a strong tendency to aggregate in solution at room temperature. Therefore, the 

size exclusion chromatography (SEC) measurements were performed using a homemade superheated 

high temperature (Sup HT) system which can be operated at temperatures well above the normal boiling 

point of chloroform. Briefly, a FD-53 oven (Binder, Tuttligen, Germany) was used to control the SEC 

temperature. HPLC grade chloroform (Biosolve, Valkenswaard, the Netherlands) was delivered at 1 mL 

min.-1 at room temperature with a LC-20 AD pump (Shimadzu, Kyoto Japan) and was heated up to the 

oven temperature before reaching the SEC column by passing through a heater exchanger made from a 

1.5 m narrow-bore stainless steel tubing (1/16 in. (o.d.) × 0.004 in. (i.d.), Alltech-Grace, Lokeren, Belgium) 

located in the oven. Another piece of 1.2 m of narrow bore stainless steel tubing (1/16 in. (o.d.) × 0.004 in. 

(i.d.), Alltech-Grace) was connected after the column to depressurize the eluent and to cool it down to 

room temperature before reaching the UV/Vis detector (SPD-20A, Shimadzu). Detection was at 254 and 

700 nm. A PLgel mixed-C column (300 × 7.5 mm i.d., 5 μm particles, linear molecular weight range up to 

2000 kg/mol based on polystyrene, Agilent Technologies, Amsterdam, the Netherlands) was used for the 

SEC measurements. 

XPS: XPS measurements shown in Figure 7.05 were performed on a Thermo Scientific K-alpha 

with a monochromatic aluminum Kα (1486.6 eV) anode operating at 72 W with a spot size of 400 μm and 

a 180o double focusing hemispherical analyzer with a 128 channel detector. Scans were measured at a 59 

eV constant pass energy. The initial background pressure was 2 × 10-9 mbar and 3 × 10-7 during 

measurement due to the charge compensation argon source. Sputtering was performed using a 2000 eV 

beam at low current. Samples were spin coated on naturally oxidized silicon wafers. After subtracting a 

Shirley background the C1s and S2p peak areas have been determined. The S2p peak is attributed to the 

PDPP5T only. The C1s peak consists of contributions of both PDPP5T and [70]PCBM. The peak area that 

is attributed to the PDPP5T has been calculated by determining the C1s/S2p peak area ratio for a pure 

PDPP5T layer, this ratio has been found to be 6.8. In the mixed devices the C1s peak area is then 

distributed over the components as follows: 

C1s(from PDPP5T) = 6.8 × S2p 

C1s(from [70]PCBM) = C1s(total) − 6.8 × S2p 
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The ratio C1s(from PDPP5T)/C1s(from [70]PCBM) scales with the PDPP5T:[70]PCBM mixing 

ratio. The scaling factor has been determined by setting the average PDPP5T:[70]PCBM ratio for the 

CHCl3:oDCB device to 1:2. Using that scaling factor the mixing ratio is determined locally after each 

etching step, that is at multiple depths in the device. The same scaling factor has been used for the other 

devices. The average ratio for the CHCl3/oDCB device can then be calculated to be 1:4.5 and for the 

CHCl3/oXyl device to be 1:1.7, which agree reasonably well with the data obtained by the solution-based 

UV-vis measurements. The ratios can also be obtained for each curve separately and in this way the depth 

profile of the PDPP5T:[70]PCBM ratio shown in Figure 7.05 has been obtained. 

 The XPS measurements on doctor bladed samples in Figure 7.08 were done in snapshot mode. 

The regions were measured with a pass energy at 150 eV using 128 energy channels. Here, sputtering was 

performed using a 2000 eV argon ion beam at high current (estimated sputter rate in case of Ta2O5 is 0.5 

nm sec-1). These measurements were performed on full solar cells, that is on a stack of 

glass/ITO/PEDOT:PSS/active layer/LiF/aluminum. Due to the inhomogeneous layers the transition 

between each layer is not as sharp as desired for a reliable quantification. Due to a background peak in 

the region of the S2p signal it appears that the aluminum contains a significant fraction of sulfur, which 

is not true. We selected the onset of the active layer as the first measurement where this background signal 

disappeared. The end of the active layer was set as the last measurement before an auxiliary sulfonate 

signal appears due to the PEDOT:PSS. In Figure 7.08 we show the carbon to sulfur ratio as measured 

within this active layer region. It is evident that distribution of these elements, and thus the mixing 

between [70]PCBM and PDPP5T is much more uniform in the case of TMB than in the case of oXyl. 

QCM: Both F and D are measured at different overtones of the quartz crystal at time intervals of 

less than one second using a Biolin Scientific Q-Sense E4. In this system, one electrode is always exposed 

to air, while the electrode on the other side can be exposed to a liquid, with flow controlled by a peristaltic 

pump. In our case we start with a stable quartz crystal which is coated with a polymer film (PDPP5T, 

spin coated at 1250 rpm from a 6 mg mL−1 solution in chloroform). We start the measurement while that 

surface is exposed to air. Then, we apply a non-swelling-solvent for the polymer (2-propanol = IPA) with 

a flow rate of 0.5 mL min−1 at a temperature of 20 °C. Then we apply the partial solvent for which we want 

to test the swelling. Then we change back to IPA which we then blow-dry with air. We repeat this 

sequence, but then instead of blow-drying with air we wash the remaining polymer layer away with 

chloroform (CHCl3). After this we flow the test solvent and IPA again before blow-drying again. The 

method of Parlak et al.14b discussed in the text (which converts the raw data to mass density and the 

viscosity-density product of the solvent) has been implemented using a script in Wolfram Mathematica 

10. 

Other characterization: TEM images were obtained on a FEI Tecnai G2 at 200 kV using a LaB6 

filament. Magnification was 14500× resulting in 1.21 μm × 1.21 μm pictured areas. Defocus was set to −9 

μm. The SEM-image (Figure 5b) was taken on a JEOL JSM-5600. The SEM-image (Figure 5d) was taken 

under a 52° angle on a FEI Quanta 3D FEG. UV-VIS absorption measurements were done on a Perkin 

Elmer Lambda 900. AFM was done using Nanosensor PPP-NCHR-50 tips, in tapping mode on a Veeco 

Multimode AFM  
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Chapter 8 

Thermal annealing of air-processed 

organometal halide perovskites 

monitored by in-situ 

photoluminescence*

 
 

Abstract 

Conventionally, organometal halide perovskites are processed in a dry atmosphere 

because of the hygroscopic nature of its precursors. We show that dense layers of perovskite 

crystals form within seconds in ambient air by spin coating a mixture of lead acetate, lead 

chloride, and methylammonium iodide at elevated temperature. The perovskite layers 

require thermal annealing in air to provide efficient (> 14%) solar cells. As-cast perovskite 

layers are highly luminescent because charge carriers are unable to reach the charge 

extraction layer that quenches the photoluminescence. Thermal annealing enhances charge 

transport and quenches the photoluminescence, but deteriorates the performance via 

decomposition of the perovskite if applied too long. The optimal annealing time coincides 

with the time required for the in-situ measured photoluminescence intensity to reach its 

baseline value for annealing temperatures in the range of 80-100 °C. The method provides a 

simple but powerful tool for in-line quality monitoring of perovskite films. 

                                                           
* This chapter is submitted for publication as: J. J. van Franeker, K. H. Hendriks, B. J. Bruijnaers, M. W. G. M. 

Verhoeven, M. M. Wienk, R. A. J. Janssen 
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8.1 Introduction 

Organometal halide perovskite solar cells attracted immense attention soon 

after reaching breakthrough efficiencies of ~10% in 2012.1,2 Recent developments 

have resulted in record efficiencies over 20% for lead halide perovskites with 

mixed organic cations. 3 - 5  This unprecedented development stimulates further 

research in this unique class of solution-processable semiconducting materials. 

Next to improving device performance, examples of current issues in the field are 

the fabrication of tandem devices, 6 , 7  concerns about lead toxicity, 8 , 9  device 

stability,10 the photophysical properties11,12 and upscaling fabrication protocols.13,14 

By now many different processing routes have shown to lead to highly 

efficient methylammonium lead triiodide (MAPbI3) solar cells. For example, 

various lead sources have been used in a single-step routine, such as lead acetate 

(Pb(OAc)2), lead chloride (PbCl2), and lead iodide (PbI2), 15  or combinations 

thereof. 16 , 17  Other recipes that yield efficiencies exceeding 13% use different 

solvents,18 non-solvent washing,19,20 alkyl halide additives,21 acid additives,22,23 hot 

casting,23, 24  and multi-step processing routes.3, 25 , 26  The development of such a 

multitude of procedures is, at least in part, a consequence of the fact that it is not 

straightforward to reproduce the highest-efficiency cells among different research 

groups. Whether this relates to differences in material sources and equipment, or 

to a lack of experience, is presently unknown. However, it evidences that there is 

generally a narrow processing window for high-efficiency perovskite solar cells.  

A clear example of the subtleties in the processing of perovskite layers is the 

sensitivity to thermal annealing conditions, such as duration and temperature,27-29 

which have resulted in the development of complex, e.g. ramped, annealing 

schemes. 30 - 32  The optimal annealing conditions may change with choice of 

precursors, deposition conditions, and layer thickness. As the annealing is typically 

performed directly after depositing the layer it is desirable to monitor the 

improvement in-situ to find the optimal annealing time during the process itself, 

rather than after completing the entire solar cell. Two characterization methods are 

typically used to monitor the formation of a perovskite film during annealing: 

optical absorption33,34 and X-ray diffraction (XRD).33,35 However, changes in the 

absorption spectrum are subtle, and not easily related to device performance (see 

ref. 29 and this chapter). XRD is a powerful tool to study crystal structure 

formation, but difficult to implement in-situ in standard fabrication. Most 

importantly, the disadvantage of both methods is that they do not directly relate to 

the photo-electrical properties that are essential for solar cell operation.  
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Under-annealed perovskite solar cells mainly suffer from a low fill factor 

due to inadequate charge transport. It has been shown previously that the intense36 

and long-lived 37 , 38  photoluminescence of MAPbI3 perovskites is quenched by 

charge collecting layers. 39  We find that for under-annealed perovskites the 

quenching is much less efficient, evidencing that photo-generated charges do not 

reach the charge collection layer. Thermal annealing enhances charge transport 

and quenches the photoluminescence. We employ this principle and measure the 

photoluminescence during annealing. In-situ probing of the photoluminescence 

intensity allows identifying the optimal annealing time, which is reached as soon 

as the photoluminescence intensity reaches its baseline value. This implies that 

thermal annealing has to continue up to the point at which all charge carriers can 

reach the charge collecting interface. Further annealing is not beneficial for the 

solar cell efficiency. Because the in-situ photoluminescence is directly correlated 

with charge transport as an intrinsic and relevant material parameter the method is 

useful for in-line quality monitoring during perovskite fabrication. The method is 

applied to planar MAPbI3 perovskite layers which are processed in ambient air via 

a novel hot casting method using a tailored precursor solution and provides solar 

cells with efficiencies exceeding 14%, featuring good stability and low hysteresis.  

8.2 Results 

8.2.1 Hot casting of perovskite layers in ambient air 

Most published recipes for organolead halide perovskite require coating and 

annealing steps to be performed in an inert atmosphere. To allow for more 

straightforward experimentation with our in-situ setup, we have developed an air-

tolerant perovskite recipe. This recipe is based on a triple anion solution of lead 

acetate trihydrate (0.8 M), lead chloride (0.2 M), and methylammonium iodide (3.0 

M) in dimethylformamide (DMF).16,17 Applying a hot22,24 solution (70 °C) onto 

spinning, pre-heated substrates (~92 °C, 6000 rpm) in air reproducibly affords 

smooth perovskite films. This recipe is schematically summarized in Figure 8.01a. 

The MAPbI3 perovskite forms during hot spin coating, as evidenced by the 

absorption spectrum (Figure 8.01b) and XRD (Figure 8.02a) measured directly after 

casting. The direct formation of a perovskite during hot casting is in stark contrast 

to cold-cast samples (using room temperature solutions and substrates) which 

reveal only a PbI2-related optical absorption band, directly after casting. In that 

case post deposition thermal annealing is needed to convert the precursor film into 

perovskite. At 82 °C the PbI2 absorption band gradually changes to the perovskite 

absorption over the course of 1 minute, as seen in Figure 8.01b. 
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Figure 8.01. The processing route is schematically depicted in (a). In (b), the absorption spectra are 

measured in-situ during the first minute of annealing.  

Notably, the cold-cast sample was deposited in a nitrogen-filled glovebox 

because it turned out to be very irreproducible in air: on some days smooth layers 

were formed whereas on other days very rough films were obtained. After cold 

casting the samples were transferred to air for the in-situ absorption measurement. 

The irreproducibility of cold casting in air is very likely related to the hygroscopic 

nature of the precursor salts, which attract moisture during the drying process 

causing the formation of rough films. The hot casting method does not suffer from 

this issue, because the precursor salts convert into the perovskite in a much shorter 

timeframe. Since the perovskite itself is more tolerant to humidity than the 

precursor salts the influence of humidity becomes negligible making this a more 

robust processing method in our hands. 
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Figure 8.02. (a) XRD-measurement of hot-cast perovskite films before and after thermal annealing, 

showing that perovskite crystals are already formed during the hot spin coating. (b) SEM image of an 

unannealed hot-cast film. (c) SEM image of an annealed hot-cast film, showing that the perovskite 

crystals grow during annealing. (d) Cross-sectional SEM-image which shows the final device structure 

in which the perovskite crystals span the entire film thickness. All scale bars are 1 µm. 

8.2.2 Optimized solar cells 

Despite the fact that perovskite is formed during the hot casting, it was not 

possible to make efficient devices with the as-cast layers, and subsequent annealing 

was necessary. All devices were made on indium tin oxide (ITO) covered glass 

substrates, covered with a hole-extracting poly(ethylenedioxythiophene): 

poly(styrenesulfonate) (PEDOT:PSS) layer. The electron-extracting layer consists of 

a 60 nm thick layer of [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM). As 

electrode we use 1 nm lithium fluoride (LiF) and 100 nm aluminum. The photo-

electrical characterization of an optimized solar cell is shown in Figure 8.03. We 

measured the current density-voltage (J-V) characteristics under simulated sunlight 

in both upward and downward scan directions, as well as using a slow-sweep 

protocol (Figure 8.03a).40,41 The similarity between these measurements shows that 

these planar perovskites display only minor hysteresis effects. From the slow 

sweep, we extract a short-circuit current density (Jsc) of 19.3 mA cm-2, an open-

circuit voltage (Voc) of 1.00 V, and a fill factor (FF) of 74.8%. This results in a 

calculated maximum extractable power (Pmax) of 14.4 mW cm-2. We measured the 
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external quantum efficiency (EQE) under ~1 sun bias illumination (Figure 8.03b). 

Integration with the AM1.5G solar spectrum yields a photocurrent density at short 

circuit of 18.6 mA cm-2 (without light bias: 18.8 mA cm-2), which is within 4% of the 

result from the J-V setup. The current density versus light intensity (Figure 8.03c) 

shows that the efficiency of photocurrent generation efficiency is independent of 

light intensity. Finally, we held the solar cell at the maximum power point over the 

course of 80 minutes, in which the power conversion efficiency (PCE) was 

relatively stable between 14.4 and 14.6%. We have also tested the shelf-life stability 

by storage in a nitrogen-filled glovebox. The efficiency retained 97% of its initial 

value after one month, and ~88% after more than 100 days of storage. 

Figure 8.03. Photo-electrical characterization of an optimized solar cell annealed for 5 minutes at 92 °C. 

(a) J-V sweeps in both upward and downward direction, as well as using a slow-sweep protocol. (b) 

EQE is measured under a light bias of approximately 1 sun. (c) Current density versus light intensity. 

(d) Stabilized power output versus time. 

8.2.3 Morphological changes during annealing 

It is of interest to identify the differences between the pristine hot cast layers 

and the optimally annealed layer. As already shown in Figure 8.01b, the changes in 

the optical absorption spectrum are minute. Also the XRD-spectrum does not 

change significantly after thermal annealing (Figure 8.02a). However, as shown in 

the scanning electron microscopy (SEM) images in Figure 8.02, the size of the 

perovskite crystals increases during the post deposition annealing. After annealing, 

the perovskite crystals span the entire film thickness of ~390 nm. We presume that 

the increased crystal size is related to the increased solar cell efficiency. In addition, 

we assume that the hot casting by itself is not sufficient to remove all excess 
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methylammonium salts. We verified the changes in chloride content by energy-

dispersive X-ray spectroscopy (EDX)42 and X-ray photoelectron spectroscopy (XPS) 

on these samples. As shown in Figure 8.04, the chloride signals disappear after 

annealing, which indicates that annealing is necessary to remove excess salts. 

     

Figure 8.04. EDX and XPS spectra evidencing the presence of chloride in unannealed layers. (a) SEM 

EDX spectra of the films shown in Figure 8.02b and Figure 8.02c in the main text, respectively. The 

measurement is normalized to the Pb M peak. The origin of the signal at 3.3 keV, at the Kα-position of 

potassium, is unknown. (b) XPS spectra on the surface of the perovskite films at the binding energy of 

chloride, of an unannealed sample and two samples annealed for different times. The chloride signal 

decreases by annealing. (c) Although the peak in (b) is not very clear, it is evident that the chloride 

signal decreases by thermal annealing from the averaged spectra after ion etching. 

8.2.4 Photoluminescent properties 

It has been shown that perovskites can exhibit intense36 and long-lived37,38 

photoluminescence. The photoluminescence can be quenched efficiently by 

applying charge extraction layers.39 Because organometal halide perovskite semi-

conductors exhibit high absorption coefficients, exceeding 105 cm-1 for photon 

energies above 2.2 eV,43,44 the penetration depth of photons with a wavelength 

below 550 nm is less than 100 nm, which is far smaller than the film thickness of ~ 

390 nm. However, due to the long charge carrier diffusion lengths in optimized 

perovskites, the photoluminescence can be quenched by charge extraction layers 

even if the excitation is incident on the opposite side of the perovskite film.39  

We studied the photoluminescence properties of our perovskite layers. After 

hot casting on glass substrates covered with a PEDOT:PSS hole collecting layer the 

measurement of the photoluminescence spectrum (Figure 8.05a) was started as 

quickly as possible and subsequently, the photoluminescence lifetime was 

measured (Figure 8.05b). In both cases illumination was from the side opposite to 

the PEDOT:PSS layer. Using a bi-exponential fit we found lifetimes of 21 and 267 

ns for the as-cast sample. We also studied a sample which was annealed for 10 

minutes. The emission was slightly blue-shifted to ~771 nm, compared to ~775 nm 
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for the unannealed sample. More importantly, the intensity was a factor seven 

lower than that for the unannealed film. Also, the photoluminescence lifetime 

(mono-exponential fit: 72 ns) was considerably shorter. 

 
Figure 8.05. Photoluminescence of unannealed and annealed (92 °C for 10 min.) hot-cast perovskite 

films on glass/PEDOT:PSS illuminated from the top-side. (a) Photoluminescence spectra. (b) Time-

resolved photoluminescence. Thin lines are mono- and bi-exponential fits. (c) We propose that the 

reduced photoluminescence is caused by an increased charge transport due to annealing, which 

causes more charge carriers to reach the PEDOT:PSS interface and recombine non-radiatively.  

The photoluminescence lifetime is governed by the combined effects of 

radiative and non-radiative decay of charges. We believe that the reduced intensity 

of photoluminescence after annealing does not originate in increased non-radiative 

recombination rates at the air-exposed surface or in the bulk of the perovskite. 

These non-radiative processes would hamper the solar cell efficiency, and thus this 

hypothesis contrasts to the observed improvement in solar cell efficiency by 

annealing. We have also observed that both before and after annealing perovskite 

layers show a much higher photoluminescence intensity on non-quenching 

surfaces (poly(4-styrenesulfonic acid), results not shown). This indicates that 

quenching at the PEDOT:PSS interface is the dominant non-radiative 

recombination mechanism. Because of the high absorption coefficient at the 

excitation wavelength used (400 nm), most charges are generated in the top part of 

the perovskite layer. We propose that annealing improves charge transport, either 

due to an increased charge carrier mobility, a lower amount of defects, or the 

fusion and growth of perovskite crystals. The increased charge transport enables 

more charges to reach the interface with the PEDOT:PSS layer where they will be 

collected. The charge collection by the PEDOT:PSS layer corresponds to non-

radiative decay and decreases the luminescence intensity. We have sketched our 

proposed mechanism in Figure 8.05c. 
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8.2.5 Sensitivity to annealing time 

One of the most important factors in the optimization of this perovskite film 

formation proved to be the annealing time. Because the perovskite is already 

formed during the hot casting, solar cells can be made with short or even without 

additional annealing. However, this results in a low efficiency due to a low Jsc and 

a low fill factor, as shown in Table 8.01 and Figure 8.06. This is most likely caused 

by the presence of excess methylammonium salts which limit charge transport and 

extraction and cause the low fill factor of under-annealed devices. By annealing for 

5 to 10 minutes an optimal PCE is achieved. Further annealing causes all 

photovoltaic parameters to decrease. The most pronounced effect is the decrease of 

Voc, but also the Jsc and FF decrease. The decrease in Voc upon prolonged annealing 

has been reported before.29 We have also observed a possible related increase in the 

leakage current. This can be explained by the larger crystal size, which causes a 

lower surface coverage of the perovskite crystals and thus more shunt pathways. 

An alternative explanation is the stoichiometry of the perovskite itself: even 

though the optimal stoichiometry is unknown, it is expected that there is an 

optimal ratio between all components. Annealing past this optimum will decrease 

the performance. This hypothesis is verified by XPS at the surface of perovskite 

films annealed for different times (Figure 8.06b). Only for samples annealed for 5 

minutes the expected 3:1 I:Pb ratio is found, as well as the expected 1:1 N:Pb ratio. 

The high carbon and oxygen ratios are ascribed to surface contamination. 

Prolonged annealing degrades the perovskite surface, evidenced by the fact that 

the I:Pb and N:Pb ratios move away from the expected stoichiometry. We tried to 

verify these trends also using XPS in combination with depth profiling, but it 

appears that the ion etching selectively removes the lighter elements from the 

perovskite film (see Figure 8.07). This is also evidenced by the fact that the 

oxidation state of lead partly changes from Pb2+ (peak position at 138.0 ± 0.2 eV) to 

Pb0 (a shoulder appears at 136.2 ± 0.2 eV) after ion etching. 

Table 8.01. Photovoltaic properties of solar cells with different annealing times (at 92°C).  

annealing  

(min) 
# of devices 

Jsc (EQE)a 

(mA cm-2) 

Voc b 

(V) 

FF b 

(%) 

PCE c 

(%) 

PCE (stable) d 

(%) 

1 3 14.7 ± 4.8 0.99 ± 0.01 64 ± 8 9.2 ± 2.6 10.8 ± 2.0 

5 5 17.4 ± 0.9 0.99 ± 0.01 75 ± 5 12.8 ± 1.3 13.3 ± 1.0 

15 5 17.0 ± 0.7 0.89 ± 0.03 74 ± 3 11.2 ± 1.0 11.3 ± 1.2 

a The Jsc is calculated by integrating the EQE measured under ~ 1 sun illumination with the AM1.5G 

spectrum. b The Voc and FF are based on a slow-sweep protocol. c The efficiency (PCE) is calculated as 

the product of the previous parameters. d The stabilized PCE is based on maximum power point 

tracking with an intensity-adjusted lamp and measured after > 3 min. 
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Figure 8.06. The effect of the annealing time (at 92 °C) on the photovoltaic performance and surface 

elemental ratio. (a) Slow-sweep measurements of the best three devices for each annealing time. (b) 

Elemental ratio (Pb = 1) between all components for different annealing times. (c) Voc for five cell 

annealing runs on different days (d, e, f) Corresponding FF, Jsc, and PCE as defined in Table 8.01. 

 

Figure 8.07. XPS depth-profiling results for hot-cast samples, unannealed (a) and annealed for 5 

minutes (b). The amount of lead increases relatively to all other components after etching. A 

photograph of the films taken after the XPS depth profile (c) shows that we did not etch through the 

entire layer, but that a yellow layer remains. This is interpreted to be PbI2. Likely the argon etching 

selectively removes lighter elements preferentially, which prevents a useful quantitative analysis. 

However, it does show that chloride is present through a large part of the unannealed layer, whereas 

it is not detected in the other layers. 
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8.2.6 In-situ measurement of photoluminescence intensity 

We found that the required annealing time was very sensitive to the 

annealing temperature. To avoid having to do an entire optimization run for every 

annealing temperature, it is of interest to have an in-situ method to monitor when 

the annealing is finished. Having found that annealing decreases the 

photoluminescence intensity in Section 8.2.4, we measured this intensity in-situ, 

during annealing of the perovskite films. In short, we use an attenuated and 

chopped green laser as excitation source. As schematically shown in Figure 8.08a, 

we measure the photoluminescence with a photodiode behind a 770 nm bandpass 

filter using a lock-in amplifier. We measured time-evolution of the 

photoluminescence intensity for four different annealing temperatures, as shown 

in Figure 8.08b. Each of these experiments has been performed twice, and the 

results are very reproducible. It is evident that the rate at which the 

photoluminescence intensity decreases is strongly influenced by the annealing 

temperature. For each of these temperatures we also fabricated two or more 

batches of solar cells spanning a range of annealing times, of which the stabilized 

efficiencies are shown in Figure 8.08c. Each annealing temperature has a specific 

optimal annealing duration. The optimal annealing duration corresponds 

remarkably well to the time at which the photoluminescence intensity has 

decreased to the final value.  

These results are captured more clearly by the contour plots of the 

photoluminescence intensity, open-circuit voltage, and PCE as shown in Figure 

8.09. The optimal annealing duration at each temperature is indicated by the red 

circles. These optimal annealing time corresponds to the time when the 

photoluminescence intensity has decayed to less than 3% of the initial value. The 

plot of the Voc shows that longer annealing times decrease the performance because 

the Voc starts to decrease steeply. 
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Figure 8.08. (a) A schematic depiction of the in-situ photoluminescence measurement setup. In (b) the 

time-evolution of the PL-intensity is shown at four different annealing temperatures. Simultaneously 

with these in-situ measurements solar cells were made, of which the stabilized efficiency is shown in 

(c). For each temperature/time combination the number of samples is 1 ≤ n ≤ 5. For n > 1, the mean 

efficiency is used, with error bars indicating the standard deviation. 

 
Figure 8.09. Contour-plots showing the temperature-time evolution of (a) photoluminescence 

intensity, (b) the Voc, and (c) the stabilized efficiency at four different annealing temperatures with 

interpolated values in-between. The red circles illustrate the solar cells with the highest performance. 
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8.3 Discussion 

The strong correlation between the in-situ measured photoluminescence 

intensity and solar cell efficiency can be explained by their dependence on charge 

transport. The low fill factor in under-annealed solar cells is related to the low 

currents under forward bias (high series resistance) and likely originates from 

limited charge carrier mobilities, charge trapping, the presence of grain 

boundaries, an excess of organic salts, or a combination of these effects. The limited 

charge transport prevents collecting photo-generated charges at the PEDOT:PSS 

interface and thus enhances radiative recombination. By thermal annealing, the 

charge transport in the vertical direction increases, which simultaneously increases 

the photoluminescence quenching and the solar cell efficiency. When the in-situ 

measured photoluminescence intensity reaches its baseline level, most charges 

reach the PEDOT:PSS interface and further annealing is not beneficial. Past the 

optimal annealing time, detrimental effects take over: either due to the formation 

of holes in the films or by a suboptimal stoichiometry of the perovskite, the solar 

cell efficiency decreases.  

In summary, in-situ photoluminescence monitoring enables to directly probe 

charge transport as a key material property that governs the efficiency of thermally 

annealed perovskite solar cells. This renders the method extremely useful to 

control the optimal annealing time of perovskite solar cells. The direct relation to 

an important photo-electrical characteristic distinguishes this in-situ measurement 

from other methods. For example, the changes in both the absorption spectrum 

(Figure 8.10a) and light scattering (Figure 8.10b) are also interesting, but hard to 

interpret. As such, these methods cannot be used easily to predict the optimal 

annealing duration.  



    Chapter 8 

 

174 

  

Figure 8.10. (a) Evolution of the normalized absorbance at 650 nm for different annealing 

temperatures, corrected for drift in the probe light intensity and scattering by subtracting the 

absorbance at 850 nm. For the two lower annealing temperatures the signal increases monotonically, 

but for higher annealing temperature there is a peak visible. This peak might originate from a real 

decrease in absorption, as well as in an increase in scattering. Because of this the data is hard to 

interpret and no clear “end time” can be pinpointed. (b) Scattering intensity under a fixed angle of 

~33°. The signals have been normalized to the final value (at t = 50 minutes). As is the case with in-situ 

absorption measurements, the data interpretation is difficult because there is no monotonic increase or 

decrease. 

8.4 Conclusion 

In this chapter we have developed a new, air-stable processing method for 

MAPbI3 perovskites. By using hot casting, the precursor materials convert directly 

into perovskite during spin coating, eliminating the detrimental effects of ambient 

water. The photovoltaic performance is sensitive to the subsequent annealing 

temperature and time. Such sensitivity to the exact processing parameters is 

commonly seen in many perovskite recipes. Under-annealed solar cells have low 

fill factors due to insufficient charge transport. However, for over-annealed solar 

cells the open-circuit voltage decreases, either due to a suboptimal stoichiometry or 

the formation of holes between the perovskite crystals. To investigate this issue, we 

have developed an in-situ method to pinpoint the optimal annealing time by 

measuring the photoluminescence intensity during annealing. The 

photoluminescence decreases during thermal annealing due to an improved 

charge transport, which allows more charges to reach the quenching interface with 

the hole-collecting contact. The best solar cells are made when the 
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photoluminescence reaches its baseline value, thus defining the optimal annealing 

time. We propose this in-situ method as a powerful tool for in-line quality 

monitoring in the production of perovskite solar cells. The essence of the in-situ 

photoluminescence measurement is that it is directly measures the opto-electronic 

property of the perovskite that limits the solar cell efficiency, namely charge 

transport. 
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8.6 Experimental 
Materials and solution preparation: Indium-tin oxide coated glass substrates (Naranjo) were 

cleaned by sonication in acetone, scrubbing in a solution of sodium dodecyl sulfate (Acros, 99%) in 

water, rinsing by deionized water and subsequent sonication in 2-propanol. PEDOT:PSS (Heraeus 

Clevios PVP Al 4083) was filtered with a 0.45 µm PVDF filter before use. Methylammonium iodide was 

synthesized by dropwise addition of hydriodic acid (Sigma-Aldrich, 57 wt. % in water, 30 mL, 0.227 

mol) to a solution of methylamine (TCI, 40 wt. % in methanol, 27.8 mL, 0.273 mol) cooled to 0 °C. After 

stirring for one hour, the solvents were evaporated in vacuo and the residue triturated with diethyl ether 

(2 × 200 mL). The white solid was then recrystallized from 100 mL ethanol and dried in a vacuum oven 

at 70 °C to give methylammonium iodide as white crystals (19.5 gr, 54% yield). The compound was 

stored in a nitrogen filled glovebox. This MAI (476.9 mg), lead(II) acetate trihydrate (303.5 mg, Sigma-

Aldrich, 99.999% trace metals basis), and lead(II) chloride (55.6 mg, Sigma-Aldrich, 98%) where 

weighed in air. 1 mL of N,N-dimethylformamide (Sigma-Aldrich, anhydrous, 99.8%) was added ~1 

hour before use and stirred at room temperature until all components were dissolved. Then the solution 

was heated to 70 °C for > 30 minutes. [60]PCBM (20 mg mL-1, Solenne BV, 99%) was dissolved in a 50/50 

mixture of chloroform (Biosolve, AR grade) and chlorobenzene (Sigma-Aldrich, anhydrous, 99.8%).  

Fabrication protocol: All wet-processing steps were carried out in air with a relative humidity 

below 50% (T ~ 22 °C). PEDOT:PSS was cast (60 s, 3000 rpm) onto UV-ozone treated substrates (30 min). 

These films were pre-heated for ~1 minute at the used annealing temperature (82-97 °C). Then, these 

substrates were transferred as quickly as possible to a specially designed spin coating chuck which 

avoids thermal contact with the substrate. As quickly as possible after starting the spin coating (20 s, 

6000 rpm) the hot perovskite solution (70 °C, 60 µL) was deposited onto the substrate. After a few 

seconds the film turned dark, indicating the formation of perovskite. Once the rotation stopped, the film 

was transferred directly to the annealing hot plate (82-97 °C). After the desired annealing duration 

passed, the substrate was allowed to cool down (30-60 s) and [60]PCBM was spin coated immediately at 

1000 rpm (30 s). Then, the substrate was transferred to either a nitrogen flow box or a glovebox 

antechamber as quickly as possible. To improve reproducibility on different hot plates all mentioned 

temperatures are measured with a Testo 0560 1109 mini surface thermometer. This probe gives slightly 

lower values than the hot plate settings. In the nitrogen filled glovebox, the contact point for the ITO-
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patches was cleaned by scratching with a knife. Lithium fluoride (1 nm) and aluminum (100 nm) were 

deposited by thermal evaporation under high vacuum (< 5×10-7 mbar). 

In-situ absorption: The samples were placed above a small hole (~1 mm diameter) on a thick 

aluminum slab protruding from the edge of a hot plate. The temperature was controlled with a Velp 

VTF thermoregulator inserted into a hole in close proximity to the sample, and checked with the Teso 

surface thermometer. A 12 V halogen lamp was used as illumination source from below the hole. The 

transmitted light was collected with a fiber-optic cable and measured by an Avantes Avaspec-2048x14 

(integration time 10 ms, 100 point averaging: ~1 second per measurement). These measurements are 

converted into an absorption spectrum using �(�) = − log
�(
�(�)��,����(�)

�,�����(�)��,����(�)
)  in which Im is the 

wavelength-dependent amount of counts. The blank reference is taken without any substrate. Please 

note that the apparent low absorbance at shorter wavelengths is most likely an artefact of the in-situ 

absorption setup. The cold cast sample was spin coated in the glovebox and transferred as quickly as 

possible to the in-situ annealing setup, where annealing was performed at 82 °C. 

Photo-electrical characterization: The solar simulator uses a halogen lamp in combination with a 

Hoya daylight filter to approximate the solar spectrum. A silicon photodiode was used to initially 

calibrate the intensity to ~ 100 mW cm-2. A mask was used to define the illuminated area to 0.0676 cm2 

(the active area defined by the electrode overlap is 0.09 cm2). For Figure 8.03a, a Keithley 2400 was used 

for sweeping the voltage (−0.5 � 1.5 V or vice versa) at a scan rate of 0.25 V  

s-1. The slow-sweep protocol40,41 used for all other data is defined by light soaking at Voc for 10 minutes, 

followed by a downward sweep (Voc + 0.04 V � −0.02 V). The step size was 0.02 V. At each voltage the 

current density was recorded for 5 seconds and the final value used for plotting the final curve. For EQE 

measurements, the cell was fixed behind an aperture (radius = 1 mm) in a nitrogen-filled container with 

quartz window. A green LED (Thor Labs M530L3, driven at 600 mA by a DC4104 driver) provided a 

bias illumination of ~1 sun intensity. The probe light was a chopped low-intensity monochromatic light 

source (Philips focusline tungsten halogen lamp, 160 Hz and monochromated with an Oriel 

Cornerstone 130). The measured response was amplified by a SR570 pre-amplifier and measured with a 

SR830 lock-in amplifier (both Stanford Research Systems). The measurement was converted to EQE 

using a calibrated silicon reference cell. The same setup was used for the light-intensity dependence 

measurements, here a red LED (M730L4) was driven at 1 – 1000 mA. The short-circuit current generated 

by the test cell was measured with a Keithley 2600. The photon flux at each LED-current was calculated 

using the calibrated silicon reference. For the stabilized efficiency the light source in the J-V setup was 

adjusted to match the current calculated from the EQE. All stabilized values are taken after measuring 

for > 3 minutes at the maximum power point. 

Other characterization: SEM was performed on a FEI Quanta 3D FEG. The cross-section was 

made by breaking the substrate after immersion in liquid nitrogen. EDX was performed using EDAX 

Genesis at 15 kV with a SUTW Sapphire detector. XRD measurements were performed on a Bruker 2D 

Phaser using Cu Kα radiation with a wavelength of 0.15406 nm. Measurements were done from a 2θ 

angle of 10 to 60° using increments of 0.05°. The integration time at every increment was 2.0 seconds 

and the sample was rotated at a speed of 60° per minute. A shield height of 0.5 mm and a slit width of 

0.6 mm were used. The XPS measurements were performed on a Thermo Scientific K-Alpha with a 180° 

double focusing hemispherical analyzer and a 128-channel detector. An aluminum anode (Al Kα = 

1486.6 eV) was operated at 72W and a spot size of 400 µm. Snapshot mode was used. The background 

pressure was 8 × 10-8 mbar, and 3 × 10-7 mbar Argon during measurement due to the charge 

compensation for the dual beam source. The layers are removed in steps by argon ion etching at low 

current and 1000 eV ion energy (Ta2O5 = 0.12 nm sec-1). 
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Ex-situ photoluminescence: For the ex-situ photoluminescence measurements shown in Figure 

8.05, an Edinburgh Instruments LifeSpec-ps was used. A 400 nm pulsed diode laser (LDH-C 400, driven 

by PDL 800-B at 400 kHz using an Agilent 33250A pulse generator) was used as excitation source. The 

settings for the photoluminescence lifetime spectra were: both slits at 1 mm, 600 sec, window 5 µs, 2048 

channels. Due to an ill-defined spot size and unknown pulse length, the light intensity is not known. 

In-situ photoluminescence: The setup for in-situ photoluminescence measurements is sketched in 

Figure 8.06a. As excitation source, a 0.9 mW, 532 nm laser diode (Thor Labs CPS532-C2, driven by 

LDS5) was attenuated to avoid sample damage (OD 1.0) and chopped (534 Hz). Please note that this is a 

low excitation density (0.09 mW on a spot of π × 0.1� ≈ 3 mW cm-2, compare to ref. 36 and note that this 

corresponds to < 1016 photons cm-2 s-1). The PL-signal was collected as close to the sample as possible, 

using a Thor Labs SM1PD1A behind a FB770-10 bandpass filter. The signal was measured with a 

Stanford Research Systems SR830 lock-in amplifier with a current gain of 108, in normal reserve, with a 

time constant of 300 ms and a range of 200 pA. The output signal was measured by a Keithley 2636A. 

 

In-situ scattering: Measured simultaneously and with the same laser illumination as the in-situ 

photoluminescence. Signal was collected with a Thor Labs SM1PD1A behind a FL532-3 laser line filter. 

A Stanford Research Systems SR830 lock-in amplifier was used with a current gain of 106, in normal 

reserve with a time constant of 300 ms and a range of 1 nA. The output signal of the lock-in amplifier 

was measured using a Keithley 2636A. 
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  Perspective 
 

The focus of this thesis is on thin-film solar cells made using solution 

processing. The original aim was to elucidate the relations between solution 

processing, the bulk-heterojunction nanostructure of the formed layers and the 

performance of organic solar cells. Tools were available for studying both 

nanostructure (electron microscopy) and solar cell performance, but right from the 

start it was clear that studying morphology formation during processing required a 

new experimental toolset. Chapter 2 focusses on developing this toolset to 

understand spin coating, using both a theoretical approach and by building an in-

situ experimental setup. Subsequently, these in-situ tools are applied to study 

droplet formation (Chapter 3 & 4) and polymer aggregation in fiber networks 

(Chapter 5 & 6) for blends containing a polymer and a fullerene derivative.  

The formation of fullerene-rich droplets is often an undesired phenomenon in 

polymer solar cells. Still, it is interesting from both a theoretical perspective and for 

practical reasons. Additionally, these droplets can have applications in related 

technologies. Being part of larger research project, one of the goals of the research 

described in this thesis was to provide real time information on morphology 

formation which enable theoreticians to develop models that quantitatively describe 

the processing-nanostructure-performance relationship. The simplest system that 

can form a bulk-heterojunction morphology consists of three components, which 

form a droplet-like structure for the materials used. The results in Chapter 3 have 

aided both the development of theory on liquid-liquid phase separation of 

evaporating systems, 1 , 2  stochastic structural models, 3  and electrical solar cell 

models.4,5 From a practical perspective, we now understand droplet formation in 

detail, such that we control the length scale of droplet-like nanostructures. 

An often-used method to prevent the formation of fullerene-rich droplets is 

to add cosolvents to the spin coating solution. The resulting four-component 

mixtures form totally different nanostructures, which consist of polymer fibers. 

These structures are desired in solar cells, but the understanding and control of fiber 

formation was based on trial-and-error. Chapter 5 shows with in-situ tools that 

cosolvents control polymer aggregation. With that understanding, Chapter 6 is 

dedicated to investigate the exact parameters that govern the size of the polymer 

fibers. By developing a quantification method and probing a wide variety of possible 
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processing parameters it is shown that the solubility of the polymer in the cosolvent 

is the key parameter to control fiber size. This is explained using a nucleation-and-

growth model, developed in collaboration with theoreticians.2 These results 

contribute to our ability to optimize polymer solar cells, because the size of features 

such as these fibers is a crucial factor in solar cell efficiency.  

More or less simultaneous with the developments of the in-situ techniques an 

alternative processing route was investigated in Chapter 7. Although the 

methodology differs from the other chapters, it represents an interesting example of 

another coating technology (doctor blading) and also develops experimental tools 

to study polymer swelling. Apart from the lessons learned on sequential processing, 

this chapter provides a more general view on processing of organic solar cells. Not 

just one road leads to efficient bulk-heterojunction structures, but more methods can 

provide similar results. Additionally, this chapter broadens the subject of this thesis 

from the narrow range of spin coated films to more general processing routes. 

In the last chapter this thesis takes a seemingly new turn by studying 

organometal halide perovskite solar cells. This novel class of semiconductor 

materials has been used in solution-processed solar cells with unprecedented power 

conversion efficiencies. As such, these materials receive a tremendous amount of 

attention, as exemplified by Science selecting this as one of the breakthroughs of 

2013.6  It seemed that in-situ tools could also aid the development of perovskite solar 

cells. And indeed, by measuring the photoluminescence of perovskite layers during 

thermal annealing the required annealing duration for optimal solar cells can be 

predicted. This is a perfect example of elucidating relations between processing and 

solar cell performance, applied to a totally different material system. 

In summary, this thesis developed in-situ tools to study morphology 

formation of solution-processed solar cells in real time. These studies provide new 

insights into the mechanisms that govern nanostructure formation in photoactive 

layers and has improved our general understanding of processing-nanostructure-

performance relationships for both polymer and perovskite solar cells. 
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English summary 

Droplets, fibers & crystals:  

controlling the nanostructure of 

polymer and perovskite solar cells

 
 “Why do we investigate 

solar energy conversion?” Sunlight 

is the most abundant form of 

renewable energy, and this energy 

can be converted into electricity 

using solar cells. The cost of 

electricity from solar cells has 

decreased dramatically in the past 

decades. This trend is expected to 

continue, in part due to research on innovative solar cell technologies. Currently, 

the mainstream solar cell technology is based on crystalline silicon. Innovative 

types of solar cells, such as polymer solar cells, dye-sensitized solar cells (DSSC) 

and perovskite solar cells can be produced using low-cost, large-scale methods. 

Due to intense research efforts their efficiency is rapidly increasing, and the 

efficiency of perovskite solar cells is even approaching that of silicon solar panels. 

Critical in all these new solar cell technologies is the optimization of the various 

thin layers (films) that are involved in capturing light and generating electricity. 

The focus of this thesis is on solar cells which are made from solutions (inks), and 

aims to understand the nanostructure formation of these thin layers. Chapter 1 

introduces the working principle of these solar cells on a level suitable for readers 

with a general scientific background. Additionally, it shortly introduces droplets, 

fibers and crystals in solar cells to explain the title of this thesis. 

Several methods exist to make very uniform thin films from solutions. Spin-

coating is the method of choice for most lab-scale research, such as the fabrication 

of organic electronic devices and thin-film solar cells. Chapter 2 introduces a 

numerical model which helps to understand the spin coating process. Spin coating 

consists of two phases. After a flow phase in which excess solution is ejected off the 
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substrate, there is an evaporation phase in which the solvents evaporate. An in-situ 

measurement setup is introduced which measures the wet layer thickness during 

spin coating. This method is based on thin-film interference. There is excellent 

agreement between the model and the measurements. The purpose of this chapter 

is to provide the essential theory and background knowledge for the next chapters, 

as well as aid our understanding of the spin coating process in general. 

Many thin-film devices consist of a 

mixture of solid materials. These are often 

made by spin coating a multi-component 

ink. When the solvent evaporates and the 

solid components deposit on the substrate a 

certain nanostructure develops. This 

structure can range from well-mixed to 

extensively phase separated. To optimize 

device performance, it is essential to control 

the degree and dominant length scale of 

phase separation. In Chapter 3 the model 

and in-situ measurements from Chapter 2 are applied to study spin coating of 

blends that form droplets during drying. These blends contain a photoactive 

polymer, a fullerene derivative and a single solvent. Additionally, advanced image 

analysis of transmission electron micrographs (TEM) of films processed under a 

wide range of processing conditions is carried out. A normalized drying rate is 

proposed as the key parameter that controls the dominant length scale of phase 

separation. 

In Chapter 4, the formation of 

these droplets was further studied 

using a technique called grazing 

incidence small angle X-ray 

scattering (GISAXS). The interdroplet 

distance and the droplet shape can be 

extracted from these measurements, 

as verified by cross-sectional TEM 

Flow phase Evaporation phase

laser detector
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and atomic force microscopy. To elucidate the formation of these droplets, in-situ 

GISAXS, thickness and laser scattering measurements were performed 

simultaneously during spin coating. There is an onset of weak X-ray scattering at 

the same moment as observable light scattering appears (solvent content ~70%). 

This is attributed to the formation of highly-swollen fullerene-rich domains inside 

a polymer-rich matrix. However, the development of a well-defined X-ray 

scattering peak related to the interdroplet distance is delayed and appears only 

when the solvent content is ~40%. This is attributed to the moment when the 

fullerene-rich droplets start to protrude from the polymer-rich matrix, after which 

the enhanced surface roughness dominates the GISAXS signal. 

 In solution processed 

polymer: fullerene solar cells the 

large fullerene-rich droplets are 

undesired because they reduce the 

solar cell performance. A commonly 

used strategy to avoid the formation 

of these droplets is to add small 

amounts of a second solvent 

(cosolvent) to the spin coating 

mixture. This cosolvent prevents the 

formation of droplets and results in a nanostructure with a much smaller 

characteristic length scale. There is an ongoing discussion about the origin of this 

cosolvent effect. To clarify the role of cosolvents, Chapter 5 combines three optical 

measurements to investigate layer thickness, phase separation and polymer 

aggregation in real time during spin coating. Without cosolvent, the large 

fullerene-rich droplets form at a solid content of ~20%. The polymer aggregates 

form later, at a solid content of ~50%. The results show that the cosolvents induce 

polymer aggregation to occur at a lower solid content. As soon as enough 

cosolvent is added such that polymer aggregation occurs at a solid content of 

~20%, the formation of large droplets is prevented. This rationalizes the formation 

of intimately mixed films that give high-efficiency solar cells for the materials 

studied.  

As described above, the photoactive layer of polymer solar cells is 

commonly processed from a four-component solution, containing a 

semiconducting polymer and a fullerene derivative dissolved in a solvent-

cosolvent mixture. The dimensions of the nanostructures that are formed upon 

drying determine the solar cell performance. Chapter 6 studies a polymer:fullerene 
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combination in which the polymer crystallizes into a fibrous network during 

solvent evaporation. The typical width of these fibers is analyzed by quantification 

of TEM-images, and is mainly determined by the solubility of the polymer in the 

cosolvent and the molecular weight of the polymer. Surprisingly, the fiber width is 

not related to the drying rate or the amount of cosolvent. An inverse relation 

between fiber width and photocurrent is found for solar cells with fiber widths 

ranging from 28 to 68 nm. Finally, by mixing 

two cosolvents a ternary solvent system is 

developed to tune the fiber width. The 

measurements are explained using a model 

based on nucleation-and-growth. The results 

show that the width of the polymer fibers is 

not the result of a frozen dynamical state, 

but determined by the nucleation induced 

by the polymer solubility. 

Chapter 7 studies an alternative processing route for polymer solar cells, in 

which the two active layer components are deposited sequentially via spin coating 

or an alternative coating method called doctor blading. Spin coating the fullerene 

from o-dichlorobenzene on top of the polymer provides virtually identical 

morphologies and photovoltaic performance as conventional processing from a 

four-component solution. Using doctor blading, the influence of the second-layer 

solvent for the fullerene derivative is investigated in further detail. Different 

aromatic solvents are compared regarding swelling of the polymer layer, fullerene 

solubility, and evaporation rate. It is found that swelling of the polymer by the 

second-layer solvent is a necessity. However, the key to sequential processing is 

the solubility of the fullerene 

derivative in the second-layer 

solvent. Homogeneous layers 

for efficient solar cells can only 

be made using solvents that 

have a very high solubility for 

the fullerene. 

Organometal halide perovskite solar cells attracted immense attention soon 

after reaching breakthrough efficiencies of ~10% in 2012. Recent developments 

have resulted in record efficiencies over 20% for lead halide perovskites with 

mixed organic cations. Conventionally, these perovskites are processed in a dry 

atmosphere because of the hygroscopic nature of its precursors. Chapter 8 shows 
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that dense layers of perovskite crystals can form within seconds in ambient air by 

spin coating a mixture of lead acetate, lead chloride, and methylammonium iodide 

at elevated temperature. The perovskite layers require thermal annealing in air to 

provide efficient (> 14%) solar cells. Directly after spin coating the perovskite layers 

are highly photoluminescent, whereas annealed layers exhibit a much lower 

photoluminescence. Without annealing charge carriers are unable to reach the 

charge extraction layers, such that the photoluminescence is not quenched. 

Thermal annealing enhances charge transport and quenches the 

photoluminescence, but deteriorates the performance via decomposition of the 

perovskite if applied too long. The optimal annealing time coincides with the time 

required for the in-situ measured photoluminescence intensity to reach its baseline 

value for annealing temperatures in the range of 80-100 °C. The method provides a 

simple but powerful tool for in-line quality monitoring of perovskite films.  

 

In summary, by investigating critical aspects of the relation between solution 

processing, nanostructure formation, and solar cell efficiency this thesis has 

contributed to our understanding of solution-processed thin-film solar cells and 

hopefully to the development of these new technologies. 
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Druppels, vezels & kristallen:  

het beheersen van de nanostructuur 

van polymeer en perovskiet 

zonnecellen 

 
“Waarom doen we onderzoek 

naar het omzetten van zonne-

energie?” De potentie van zonlicht 

als duurzame energiebron is vele 

malen groter dan die van andere 

bronnen zoals wind- en waterkracht. 

Zonlicht kan worden omgezet naar 

elektriciteit door middel van 

zonnepanelen. De kostprijs van  

elektriciteit die wordt opgewekt met zonnepanelen is de laatste decennia sterk 

gedaald. Waarschijnlijk zet deze trend zich door, deels door onderzoek naar 

innovatieve typen zonnecellen. De huidige zonnepanelen zijn meestal gebaseerd 

op kristallijn silicium. Innovatieve typen dunne-film zonnecellen, zoals polymeer 

zonnecellen, kleurstof zonnecellen (KZC) en perovskiet zonnecellen kunnen voor 

lage kosten op grote schaal worden gemaakt. Door intensief onderzoek is de 

efficiëntie van deze typen zonnecellen snel gestegen (zie grafiek). De efficiëntie van 

perovskiet zonnecellen komt al in de buurt van die van silicium zonnecellen. Al 

deze dunne-film zonnecellen zijn opgebouwd uit verschillende dunne lagen die 

essentieel zijn voor het omzetten van licht in elektriciteit. Deze dunne lagen 

moeten worden geoptimaliseerd. In dit proefschrift ligt de focus op zonnecellen 

die zijn gemaakt uit oplossingen (oftewel: inkten). Het doel is om de vorming van 

de nanostructuur van deze dunne lagen beter te begrijpen. Hoofdstuk 1 legt uit 

hoe dunne-film zonnecellen werken op een niveau dat begrijpelijk is voor mensen 

met een algemene wetenschappelijke achtergrond. Eveneens wordt de titel van het 

proefschrift uitgelegd met een korte beschrijving van druppels, vezels en kristallen. 
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Er bestaan verschillende methoden om uniforme dunne lagen te maken uit 

een oplossing. Een veelgebruikte methode in laboratoria is spin coaten, waarbij een 

druppel oplossing op een snel draaiend substraat wordt aangebracht (zie 

afbeelding). Hoofdstuk 2 beschrijft een numeriek model dat ons helpt om spin 

coaten te begrijpen. Grofweg gezien zijn er tijdens het spin coaten twee fasen: eerst 

zal een groot deel van de oplossing van het substraat afvloeien, en daarna 

verdampt het oplosmiddel. Het tweede deel van dit hoofdstuk beschrijft een in-situ 

opstelling die de natte laagdikte tijdens het spin coaten kan meten. Deze methode 

is gebaseerd op dunne-film interferentie. Het blijkt dat deze metingen goed 

corresponderen met het numerieke model. Met dit hoofdstuk wordt essentiële 

achtergrondkennis geboden voor de volgende hoofdstukken Ook helpt dit 

hoofdstuk om spin coaten in het algemeen beter te begrijpen. 

In veel nuttige toepassingen van dunne 

films bestaan de lagen uit een mengsel van 

verschillende vaste stoffen. Deze worden vaak 

aangebracht door het spin coaten van een inkt 

met meerdere componenten. Tijdens het 

verdampen van het oplosmiddel (solvent) 

vormen de vaste stoffen een bepaalde 

nanostructuur. Deze structuur varieert van 

perfect gemengd tot een fasegescheiden 

systeem. Voor veel toepassingen is het 

belangrijk om de lengteschaal van fasegescheiden systemen te kunnen beheersen. 

In Hoofdstuk 3 worden het model en de in-situ metingen uit Hoofdstuk 2 gebruikt 

om te bestuderen hoe inkten ontmengen in een druppelstructuur tijdens het spin 

coaten. Deze inkten bevatten een fotoactief polymeer, een fullereenderivaat en één 

oplosmiddel. In dit onderzoek  worden lagen gemaakt met sterk verschillende 

procescondities, zoals vaste-stof concentratie en spin coat snelheid. Geavanceerde 

beeldanalyse wordt toegepast op beelden uit de transmissie elektronen microscoop 

(TEM). Aan de hand hiervan wordt een genormaliseerde droogsnelheid 

voorgesteld als belangrijkste parameter in het controleren van de dominante 

lengteschaal, in dit geval de druppelgrootte. 

Vloeifase Verdampingsfase

laser detector
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De vorming van de 

hierboven beschreven druppels 

wordt in meer detail bestudeerd 

in Hoofdstuk 4. Dit wordt gedaan 

met behulp van een techniek 

waarbij Röntgen-straling onder 

een kleine hoek op een dunne 

laag wordt geschoten (GISAXS). 

Uit het patroon dat zich op de detector vormt kan de vorm- en grootte van de 

druppels worden afgeleid. Dit wordt bevestigd met dwarsdoorsnede TEM-beelden 

en atomic-force microscopie (AFM). Om de vorming van deze druppels tijdens het 

spin coaten te begrijpen wordt in-situ GISAXS gecombineerd met de eerder 

beschreven laser-gebaseerde metingen van de laagdikte en lichtverstrooiing. Een 

zwak GISAXS signaal ontstaat tegelijkertijd met lichtverstrooiing bij een 

hoeveelheid oplosmiddel van ongeveer 70%. Dit signaal komt door de vorming 

van opgezwollen fullereenrijke domeinen in een polymeerrijke matrix. Een goed 

gedefinieerde en gecorreleerde GISAXS-piek verschijnt echter pas later, bij een 

hoeveelheid oplosmiddel van ongeveer 40%. Deze GISAXS-piek ontstaat pas als de 

fullereenrijke druppels uit de polymeerrijke matrix beginnen te steken, en het 

oppervlak dus ruw wordt. De ruwheid domineert het uiteindelijke GISAXS-

patroon. 

De hierboven beschreven 

druppels ontstaan vaak tijdens het 

maken van polymeer-fullereen 

zonnecellen. Deze grote structuren 

zijn echter ongewenst, want ze 

verlagen de zonnecel-efficiëntie. Een 

veelgebruikte methode om het 

ontstaan van deze druppels te 

voorkomen, is het toevoegen van een 

kleine hoeveelheid van een tweede oplosmiddel (een cosolvent) aan de inkt. Door 

deze cosolvent zijn de lengteschalen van de gevormde structuur vele malen 

kleiner. De werking van dit “cosolvent-effect” werd echter nog niet volledig 

begrepen. Om de functie van cosolventen beter te begrijpen, worden in Hoofdstuk 

5 drie verschillende optische technieken gecombineerd. Hiermee wordt de natte 

laagdikte, fasescheiding en het aggregeren van polymeren bestudeerd tijdens het 

spin coaten. Zonder cosolvent vormen de fullereen-rijke druppels zich bij een 
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vaste-stof concentratie van ongeveer 20% door middel van vloeistof-vloeistof 

fasescheiding. Pas daarna aggregeert het polymeer, bij een vaste-stof concentratie 

van ongeveer 50%. Onze resultaten laten zien dat door het toevoegen van 

cosolventen de polymeeraggregatie eerder plaatsvindt. De vorming van druppels 

wordt voorkomen als er genoeg cosolvent wordt toegevoegd om de polymeren te 

laten aggregeren bij een vaste-stof concentratie van ongeveer 20%. Onder deze 

omstandigheden wordt de lengteschaal van de nanostructuur dus bepaald door 

polymeeraggregatie in plaats van vloeistof-vloeistof fasescheiding. Dit inzicht 

verklaart de werking van cosolventen in de bestudeerde systemen.  

Bij het gebruik van cosolventen 

bestaat de inkt uit vier verschillende 

componenten: het polymeer en het fullereen 

zijn opgelost in een solvent-cosolvent 

mengsel. De lengteschaal van de 

nanostructuur die zich vormt tijdens het 

drogen bepaalt voor een groot deel de 

efficiëntie van de zonnecel. Hoofdstuk 6 

bestudeert een polymeer-fullereen combinatie die kristalliseert in een vezelachtig 

netwerk (zie TEM-beeld). De grootte van de vezels wordt geanalyseerd door het 

kwantificeren van TEM-beelden, en is vooral bepaald door de oplosbaarheid van 

het polymeer in het cosolvent, en het moleculair gewicht van het polymeer. 

Opvallend genoeg is de vezelgrootte niet afhankelijk van de droogsnelheid (i.t.t. de 

druppels in Hoofdstuk 3) en de hoeveelheid cosolvent. Zoals verwacht, neemt de 

opgewekte fotostroom in zonnecellen af bij toenemende vezeldikte in het door ons 

onderzochte bereik van 28 tot 68 nanometer. Als laatste ontwikkelen we een ternair 

oplosmiddelsysteem, waar we door het mengen van twee cosolventen de 

vezelgrootte kunnen beheersen. Deze resultaten worden uitgelegd met een model 

gebaseerd op nucleatie en groei. Dit laat zien dat de vezelgrootte niet wordt 

bepaald door een bevroren dynamische toestand, maar door nucleatie die wordt 

geïnduceerd door de oplosbaarheid van het polymeer. 

In Hoofdstuk 7 wordt een 

alternatieve methode beschreven om 

polymeer-fullereen zonnecellen te 

maken. Hierbij worden de twee 

componenten van de actieve laag na 

elkaar aangebracht. Eerst wordt een 

pure polymeerlaag via spin coaten aangebracht. Daarop wordt het fullereen 
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aangebracht via spin coaten of een alternatieve coat methode (doctor blading). Als 

het fullereen via spin coating wordt aangebracht vanuit het oplosmiddel ortho-

dichloorbenzeen, dan infiltreert het in de gehele polymeerlaag. Hierdoor zijn de 

nanostructuur en de zonnecel-efficiënte vrijwel hetzelfde als bij de normale 

methode, waarbij alle componenten in één enkele stap worden aangebracht. De 

invloed van het oplosmiddel voor het fullereen wordt verder onderzocht met 

doctor blading. Verscheidene aromatische oplosmiddelen worden getest, en de 

invloed van verschillende eigenschappen wordt onderzocht. De bestudeerde 

eigenschappen zijn de mate van opzwellen van de polymeerlaag, de 

verdampingssnelheid en de oplosbaarheid van het fullereen. Alle oplosmiddelen 

laten de polymeerlaag opzwellen, maar de belangrijkste parameter in deze 

methode is de oplosbaarheid van het fullereen in dit oplosmiddel. Goed gemengde 

lagen die nodig zijn voor efficiënte zonnecellen kunnen alleen worden gemaakt 

met oplosmiddelen die een zeer hoge oplosbaarheid voor het fullereen hebben. 

Zonnecellen gemaakt op basis van halfgeleiders met een kristalstructuur die 

“perovskiet” wordt genoemd hebben veel aandacht gekregen sinds de 

bekendmaking van recordefficiënties van ~10% in 2012. Recent hebben perovskiet-

zonnecellen in verscheidene laboratoria een efficiëntie van boven de 20% bereikt. 

Meestal worden deze perovskieten gemaakt in een droge atmosfeer omdat de 

bronmaterialen erg hygroscopisch zijn. Hoofdstuk 8 laat zien dat het mogelijk is 

om geschikte lagen van perovskietkristallen te vormen in gewone, natte lucht. Dit 

wordt gedaan door een mengsel van loodacetaat, loodchloride en 

methylammoniumjodide te spin coaten bij verhoogde temperatuur. Hierna moeten 

deze lagen nog kort worden verwarmd (80-100°C) om efficiënte zonnecellen te 
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maken (ongeveer 14%). Bij te lange verwarming neemt de efficiëntie weer af. Direct 

na het spin coaten, dus voor de verdere verwarming, vertonen deze 

perovskietlagen sterke fotoluminiscentie. Dit komt doordat de ladingsdragers niet 

mobiel genoeg zijn om de ladingsextractielaag te bereiken. Het verwarmen 

verbetert de mobiliteit van de ladingsdragers, waardoor ze wel de 

ladingsextractielaag kunnen bereiken. Hierdoor dragen ze niet meer bij aan de 

fotoluminiscentie. Deze vermindering van fotoluminiscentie tijdens verwarming 

kan worden gebruikt om het proces te monitoren. Als de fotoluminiscentie 

volledig is afgenomen moet de verwarming gestopt worden. Met deze kennis kan 

het verwarmingsproces bij perovskiet zonnecellen gemakkelijker worden 

geoptimaliseerd.  

Door verbanden te leggen tussen het droogproces, de nanostructuur en de 

zonnecelefficiëntie heeft dit proefschrift bijgedragen aan ons begrip van dunne-

film zonnecellen die worden gemaakt uit oplossingen. Hopelijk draagt dit bij aan 

de ontwikkeling van deze nieuwe technieken. 
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stellingen 

Droplets, fibers & crystals: 
controlling the nanostructure of polymer and perovskite solar cells 

 

Jacobus Johannes van Franeker 

 

Nederlands 

1. Onderzoek is als schaken. Het liefst begin je met een geniaal idee en een 

origineel plan, maar de opening is meestal vrij standaard en het vervolg is zo 

slim mogelijk improviseren.         http://www.dwheeler.com/chess-openings/ 

2. Een verbetering van de efficiëntie van een zonnecel met 5 procent valt binnen 

de experimentele spreiding, maar een toename met 5 procentpunt is 

wereldnieuws.                      http://taaladvies.net/taal/advies/vraag/1475/ 

3. Omdat buiten de wetenschap niemand de limiet van Shockley en Queisser 

(~34%) kent, lijkt het ten onrechte alsof de huidige recordefficiëntie (25.6%) 

van een silicium zonnecel nog sterk verbeterd kan worden. 

 J. Appl. Phys. 1961, 32, p. 510 

4. Luiheid is de sleutel tot efficiënt werken. 

5. Dat zebravisjes eerder doodgaan van tin jodide dan lood jodide betekent niet 

dat de eerste giftiger is.                  Sci Rep. 2016, 6, art. 18721 

6. De beste tv van 2016 is gebaseerd op organische lichtgevende diodes. Dit 

bewijst de voorspellende gave van het Nobelprijscomité voor de chemie in het 

jaar 2000.                          http://www.cnet.com/topics/tvs/best-tvs/ & 

                           http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2000/press.html 

7. Het gebruik van het woord “groot” voor dingen die ruim 100× kleiner zijn 

dan de dikte van een mensenhaar is misleidend.                Dit proefschrift 

8. In het jaar 2015 zijn er 6609 artikelen verschenen die de zoekterm “organic 

solar cell” bevatten. Het bijhouden van 30 artikelen per werkdag laat geen tijd 

over voor eigen experimenten.                  webofknowledge.com 

9. Iedere wetenschapper is gebaat bij kennis van programmeren. Dit proefschrift 



 

10. Bij ieder wetenschappelijk artikel zou de mogelijkheid moeten bestaan om via 

een “social-media-achtig” reactie-systeem herhalingsexperimenten toe te 

voegen.          http://www.nature.com/news/1-500-scientists-lift-the-lid-on-reproducibility-1.19970 

11. Het verzamelen van experimentele data waar je niets van begrijpt is zonde 

van de tijd. Toch zal je een experiment nooit begrijpen voordat er data wordt 

verzameld. 

12. Elektron-gat paren zijn nuttiger vrij, dan gebonden. Dat geldt net zo goed 

voor wetenschappers. 

13. Het gebruik van een levenscyclusanalyse voor een hypothetisch commercieel 

zonnepaneel is nuttiger dan voor echte labschaal zonnecellen. 

      Adv. Energy Mater. 2015, 5, art. 1501119 

14. Het onterecht claimen van een hoge efficiëntie valt niet op door een lage en 

onrealistische meting van de externe kwantum efficiëntie te verstoppen in de 

elektronische bijlage.                   Energy Environ. Sci. 2016, 9, p. 1989 

15. De afnemende oplosbaarheid bij toenemende temperatuur is een treffende 

illustratie van de vreemde eigenschappen van methylammonium lood 

trihalogenide perovskieten.           Nat. Comm. 2015, 6, art. 7586 

 

English 

1. Research is like chess. You hope to start with an ingenious and original plan, 

but the opening is often the same and the remainder is to improvise as smart 

as possible.          http://www.dwheeler.com/chess-openings/ 

2. An improvement of solar cell efficiency with 5 percent falls within the 

experimental variation, but an improvement of 5 percentage points is world 

news.             http://www.mathsisfun.com/percentage-points.html 

3. As no one outside of science knows the Shockley-Queisser limit, it wrongly 

seems that the current record efficiency (25.6%) of silicon solar cells can be 

strongly improved.                J. Appl. Phys. 1961, 32, p. 510 

4. Laziness is the key to working efficiently.  

5. The fact that zebrafish die from tin iodide at a lower concentration than lead 

iodide, does not mean that the former is the most poisonous. 

Sci Rep. 2016, 6, art. 18721 



 

6. The best television of 2016 is based on organic light emitting diodes. This 

proves the predictive powers of the Nobel Prize committee for chemistry in 

the year 2000.                 http://www.cnet.com/topics/tvs/best-tvs/ & 

                           http://www.nobelprize.org/nobel_prizes/chemistry/laureates/2000/press.html 

7. The usage of the word “large” for things that are at least 100× smaller than the 

thickness of a human hair is misleading.                    This thesis 

8. In the year 2015 more than 6600 papers appeared which included the search 

phrase “organic solar cell”.  Reading 30 articles per day leaves no time for 

your own experiments.                  webofknowledge.com 

9. All scientists would benefit from programming skills.                     This thesis 

10. Every scientific paper should include the option to use a “social-media-like” 

reply-system to add replication experiments.  

http://www.nature.com/news/1-500-scientists-lift-the-lid-on-reproducibility-1.19970 

11. Gathering experimental data you do not understand is a waste of time. At the 

same time, you will never understand the experiment before you start to 

collect data.  

12. Electron-hole pairs are more useful free than bound. The same holds for 

scientists.  

13. Applying life-cycle analysis to a hypothetical commercial solar panel is more 

useful than for real lab-scale solar cells.           Adv. Energy Mater. 2015, 5, art. 1501119 

14. An unmerited claim of a record efficiency does not attract attention when the 

unrealistic and low measurement of the external quantum efficiency is hidden 

in the electronic supporting information.                  Energy Environ. Sci. 2016, 9, p. 1989 

15. The decreasing solubility for increasing temperature is a striking example of 

the weird properties of methylammonium lead halide perovskites.  

         Nat. Comm. 2015, 6, art. 7586 
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