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Abstract
Polymer solar cells form a promising technology for converting sunlight into
electricity, and have reached record efficiencies over 10% and lifetimes of
several years. The performance of polymer solar cells depends strongly on the
distribution of electron donor and acceptor materials in the active layer. To
achieve longer lifetimes, degradation processes in the materials have to be
understood. In this thesis, a set of complementary spectroscopy and
microscopy techniques, among which soft X-ray techniques have been used to
determine the morphology of polymer:fullerene based active layers. We have
found that the morphology of TQ1:PC70BM films is strongly influenced by the
processing solvent and the use of solvent additives. We have also found, by
using soft X-ray techniques, that not only the light-absorbing polymer TQ1, but
also the fullerene is susceptible to photo-degradation in air. Moreover, the
fullerene degradation is accelerated in the presence of the polymer.
Additionally, this thesis addresses the role of the interfacial layers for device
performance and stability. The commonly used hole transport material
PEDOT:PSS has the advantage of being solution processable at room
temperature, but this layer is also known to contribute to the device
degradation. We have found that low-temperature processed NiOx is a
promising alternative to PEDOT:PSS, leading to improved device performance.
Even for encapsulated polymer solar cells, some photo-induced degradation of
the electrical performance is observed and is found to depend on the nature of
the hole transport material. We found a better initial stability for solar cells with
MoO3 hole transport layers than with PEDOT:PSS. In the pursuit of
understanding the initial decrease in electrical performance of PEDOT:PSSbased devices, simulations were performed, from which a number of
degradation sources could be excluded.
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Chapter 1
Introduction
Since the industrial revolution two centuries ago, the world has seen a
tremendous increase in energy consumption. In 2010 the total global energy
need was 17.5 TW and has been predicted to grow to 27.4 TW by 2040.1 A
significant part of that energy has so far come from burning fossil fuels.
Environmental issues associated with fossil fuels aside, at the current
consumption rate it is only a matter of time before easily attainable fossil fuel
sources are depleted. In order to meet the demands for energy in the future,
alternative sources of energy must be utilized more.
By far the largest source of energy currently available on Earth is sunlight. The
sun transfers 1.36 kW/m2 to the outer atmosphere2 which leaves, after
accounting for energy losses due to sunlight being reflected and absorbed by
the atmosphere, enough power that the sunlight hitting the surface of the Earth
in one and a half hour exceeds the world’s annual energy consumption.3 It is of
course unfeasible to capture all of that energy, but the sheer amount of
available energy alone shows that merely a small fraction would be enough for
conversion to desired energy forms.
There exists a multitude of ways in which the power from sunlight can be
harnessed. Green plants and cyanobacteria convert solar energy into chemical
energy through photosynthesis. Sunlight unevenly heating the surface of the
Earth creates pressure differences that set air in motion, creating wind, a form
of kinetic energy. Sunlight also heats the oceans causing water to evaporate,
allowing it to later fall out of the atmosphere as precipitation and accumulate in
e.g. dams, a form of potential energy. To produce electricity, these
aforementioned forms of energy would need to be converted further, and
involves additional energy losses of varying degree which not seldom require
rather bulky equipment. Solar cells, on the other hand, provide means to
convert the energy of light into electrical energy in a one-step process.
The first observation of an electrical current being generated in a material by
light exposure was made in 1839 by Becquerel working on silver coated
platinum electrodes in electrolytes.4 In 1873 photoconductivity was discovered
by Smith in selenium5 and in 1883 a solar cell made from gold coated selenium
was built by Fritts that had a power conversion efficiency (PCE) of 1%.6 Due
1

to the high material cost and the low PCE, this kind of solar cell never found
use in any large scale power generation. The next big step in the development
of solar cell technology was taken in 1954 at Bell Labs when the first silicon
solar cell displaying a PCE of 6% was developed.7 As of today, silicon solar
cells are by far the most prevalent type of solar cell with the record efficiency
just above 25% for monocrystalline silicon.8
For the last two decades there has been an exponential increase in electrical
power produced by solar cells, increasing from 0.1 GW in 1992 to at least 134
GW in 2013.9 Arguably one of the most important reasons for this increased
solar cell usage is the reduction in production costs and various national
measures of economic support for the end users. Despite that, power from
solar cells still accounts for less than 1% of the total global power production.
For any type of solar cell to become more commercially viable, efficiencies
need to increase or fabrication costs need to decrease. Today the best
performing silicon solar cells have a PCE that is not very far from the
theoretical limit for single junction devices, known as the Shockley-Quessier
limit, which is 30% for silicon.10 This means that the potential benefits that
could be had by reducing the fabrication costs are greater than those from
improving the efficiency.
In order to reduce the production costs, several alternative solar cell
technologies have been developed over the years. Particularly promising are
organic solar cells, mainly because of the compatibility with inexpensive
printing techniques, similar to those used to print newspapers.11 The
mechanical flexibility and low weight together with the chemically tunable
properties of organic materials allow for novel applications such as integration
with textiles12 and transparent solar cells.13
Currently the record PCE for organic solar cells has reached 11.1%.8 This
progress is the result of great effort, largely owing to the development of new
photoactive materials,14 but also to the increasing understanding of and control
over the morphology of the solar cell’s active layer.15-18
No matter how efficient a solar cell is or how inexpensive it is to produce, it
will never see any widespread use unless the lifetime also is reasonably long. As
it stands today, device stability is one of the greater challenges that organic solar
cells face. For printed organic solar cells to be able to compete with silicon, it is
2

estimated that a module PCE of 7% and 5 years lifetime would be sufficient.19
With the record PCE for mini modules currently at 9.5%8 and record outdoor
lifetimes of modules surpassing two years,20 we are now at a point where it has
become at least as important to improve the lifetime as it is to improve the
PCE. Further improvement requires an increased understanding of the
fundamental processes behind efficiency and stability.
This thesis presents the use of complementary spectroscopy and microscopy
methods to probe the local composition in the active layer of polymer solar
cells. The stability of the active layer is studied and the interplay between the
photo-degradation of donor and acceptor molecules is investigated.
Additionally, this thesis addresses how the interfacial layers between the active
layer and the electrodes can influence device performance and stability.
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Chapter 2
Polymer solar cells
2.1 Organic semiconductors
Although organic electronics is a relatively new technology, semiconducting
properties of organic materials were discovered already in 1906 when
Pochettino observed photoconductivity in anthracene.21 Anthracene was also
the first organic material in which the photovoltaic effect was observed,22
although with a PCE on the order of 10-6. The first polymer to display
photoconductivity, polyvinyl-carbazole, was described in 1957 by Hoegl et al.23,
24
A breakthrough was made in 1977 when Heeger, MacDiarmid and
Shirakawa discovered and developed conducting, conjugated polymers,25, 26
which they were awarded the Nobel Prize in Chemistry for in 2000. Ever since,
there has been a growing interest in optoelectronic technology based on organic
semiconductors.
The difference between a semiconducting and a non-conducting polymer lies in
the nature of the chemical bonds along the molecule backbone. Single bonds
normally consist of σ-bonds formed by head-on overlap of atomic or hybrid
orbitals. Electrons that take part in σ-bonds are localized and unable to move
along the molecular backbone; hence a polymer with only single bonds along
the backbone will be an electrical insulator. If instead, there are alternating
single and double bonds (i.e. a conjugated system), each carbon atom along the
backbone will form three sp2 hybridized orbitals and one unhybridized
p-orbital. The overlapping sp2 orbitals form σ-bonds and the overlapping
p-orbitals form π-bonds (see Figure 2.1.1). In contrast to σ-bonds, electrons
partaking in π-bonds are delocalized and overlap of the π-orbitals allows them
to be delocalized along the conjugated backbone. When the two p-orbitals
combine, a lower energy, bonding π-molecular orbital as well as a higher energy,
antibonding π*-molecular orbital can be formed.27, 28 The energy difference
between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) determines the HOMO-LUMO gap and
is for conjugated polymers usually in the range of 1-4 eV,29 in other words, in
the same range as the bandgap of inorganic semiconductors.
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Figure 2.1.1. Formation of σ- and π-bonds in a carbon-carbon double bond.

There are several fundamental differences between organic and inorganic
semiconductors. In contrast to inorganic semiconductors, every molecule in an
organic semiconductor is an individual semiconductor. Unless the material is
ordered and ultrapure, electrical transport requires the charge carriers to be
thermally activated in order to move from molecule to molecule by hopping.30
Consequently, the charge carrier mobility in organic semiconductors is much
lower than in most inorganic semiconductors. On the other hand, the
absorption coefficients of organic semiconductors are relatively large. For solar
cell applications, low charge carrier mobilities can therefore, at least partly, be
compensated for by using thin films (~100 nm) that still give high light
absorption.31
Another important difference between organic and inorganic semiconductors is
related to excitons. An exciton is a quasiparticle created upon light absorption
and consists of an excited electron and hole held together by Coulomb forces.
Since organic materials generally have a low dielectric permittivity, the screening
of charges is weaker and the exciton binding energy higher than for inorganic
materials. Inorganic materials have exciton binding energies low enough that
the thermal energy available at room temperature of about 25 meV is sufficient
to dissociate the exciton into free charges, whereas organic materials typically
have exciton binding energies in the range of 0.5-1 eV,32 and hence cannot be
dissociated by thermal excitation alone.33
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2.2 Device operation
A polymer solar cell is a layered structure (see Figure 2.2.1), where the organic
photoactive layer, often along with interlayers, is sandwiched between two
electrodes. At least one of the electrodes needs to be transparent for obvious
reasons. Commonly used transparent electrodes include indium doped tin oxide
(ITO) or metal grids.

Figure 2.2.1. Typical organic solar cell device structure.

As mentioned previously, the exciton binding energy in organic materials is
high compared to the thermal energy at room temperature. A common
approach to dissociate the excitons is through the use of two different materials
that form a heterojunction. For this to be effective there should be a LUMOLUMO and a HOMO-HOMO energy level offset between the two materials
that provide enough driving force for the exciton dissociation, and additionally
the energy levels should be such that a staggered (type II) heterojunction is
formed (see Figure 2.2.2). The material with the higher LUMO energy level will
act as an electron donor and the other material as an electron acceptor. That
way, if light is absorbed in the donor, the exciton can be dissociated by the
transfer of an electron from the donor to the acceptor, and if light is absorbed
in the acceptor, the exciton can be dissociated by the transfer of a hole from the
acceptor to the donor. This, however, requires that the exciton is able to reach
the donor/acceptor interface before it recombines and the absorbed energy is
lost as heat. The exciton diffusion length in organic materials is about 5-20
nm,34-37 so efficient exciton dissociation also relies on the distribution of donor
and acceptor materials (i.e. the morphology) being such that ideally everywhere

6

in the photoactive layer there is a donor/acceptor interface within the exciton
diffusion length.

Figure 2.2.2. Energy levels of the donor, acceptor and electrodes of an organic
solar cell, before electrical contact has been made.

Upon reaching the donor/acceptor interface, the exciton is however not
immediately separated into free charges, but forms an interfacial state known as
a charge transfer (CT) state.38, 39 In the CT state, the electron in the acceptor
and the hole in the donor are still loosely bound at the donor/acceptor
interface, but the binding energy is low enough for the charges to separate at
room temperature.40
After having been successfully dissociated into free charges, the next step is for
the charges to reach the electrodes. The driving force for the charge transport is
provided by the internal electric field produced by the use of electrodes with
different work functions. Also in this step, the morphology is of great
importance. Since the electrons mainly move through the acceptor material and
the holes through the donor material, continuous pathways of either material to
its corresponding electrode is ideally needed for efficient charge transport.
Once the charges reach the interface to the electrode the last step is the charge
extraction. Interlayers are commonly placed between the photoactive layer and
the electrodes to promote ohmic contact formation and to minimize series
resistance and charge recombination.41 Also, as will be described in section 2.4,
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the donor and acceptor materials in the photoactive layer are often distributed
in such a way that both materials would be in direct contact with both
electrodes if no interlayers were present. Therefore, the interlayers also serve as
charge selective layers that prevent the charges from exiting the photoactive
layer through the wrong electrode.

8

2.3 Device characterization
2.3.1 Current-voltage characteristic
The energy band conditions of an organic donor/acceptor heterojunction
sandwiched between two electrodes in darkness is shown in Figure 2.3.1 under
different bias situations.
Under reverse bias (Figure 2.3.1a) electrons trying to enter the active layer from
the anode (and holes trying to enter from the cathode) will experience a barrier
that hinders the charge injection. Hence, in darkness only a very small current
will flow under reverse bias.
Without any applied bias, i.e. at short circuit conditions, the HOMO and
LUMO will still be tilted the same way as under reverse bias because of the
built in electric field due to the different work functions of the electrodes, but
not tilted as much. With increasing forward bias, the bands tilt less and
eventually start tilting in the opposite direction. As this happens, electrons will
be able to enter the active layer from the cathode and holes can enter from the
anode and a much larger current can flow through the device than under
reverse bias. In other words, the device has rectifying properties and will work
as a diode in the dark. Figure 2.3.1d shows current as a function of applied bias
(known as a J-V curve) for a solar cell in darkness; this current is called the dark
current.
As previously described in section 2.2, if light is absorbed by the active layer, an
exciton can be created and subsequently separated into free charges. If the
device is under reverse bias, these free charges will experience a strong electric
field and the device works as a photodetector. As the applied bias voltage
changes from negative to positive and the fourth quadrant of the J-V diagram is
entered (see Figure 2.3.2), there is still an internal electric field present due to
the work function difference of the electrodes and the photocurrent flows in
the same direction as before, but the dark current increases and flows in the
opposite direction to the photocurrent. Thus, as the forward bias voltage
increases the dark current increases and the total current decreases (Figure
2.3.2).
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Figure 2.3.1. Energy band diagrams under different bias voltage conditions.
Under reverse bias (a) the applied electric field tilts the bands, but due to the
large energy barriers very few electrons are injected from the anode and very few
holes are injected from the cathode and only a very small current can flow across
the device. Under short circuit conditions (b) the bands are still tilted due to the
built-in electric field. Under sufficiently high forward bias, the bands tilt the
opposite way and electrons can be injected from the cathode and holes from the
anode and a current can now flow across the device. (d) Dark current as a
function of applied bias voltage.
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Figure 2.3.2. Solar cell current-voltage characteristics under illumination.

The current-voltage characteristics of a solar cell can be modelled as a current
generator in parallel with a diode. A variety of processes that modify the current
and voltage output can be taken into account by resistances added in parallel,
Rp, and in series, Rs.42 Figure 2.3.3 shows the equivalent circuit of a solar cell.

Figure 2.3.3. Solar cell equivalent circuit.

The diode can be modelled by the Shockley diode equation43

  eV  
jD  j0  exp D   1
  nkBT  

(2.1)

where jD is the current density through the diode, j0 the reverse bias saturation
current density of the diode, e the elementary charge, VD the voltage across the
diode, n the ideality factor, kB Boltzmann’s constant and T the absolute
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temperature. The current output j from the solar cell under illumination as a
function of applied voltage V can then be written as

 eV  jR s    V  jR s
  1 
j  j0  exp 
 jp
Rp
 nkBT  

(2.2)

In equation (2.2) above, the photocurrent jp is assumed to be constant, even
though, strictly speaking it is not entirely constant, but is nevertheless often a
good approximation.44
The performance of a solar cell is evaluated from an experimentally measured
current-voltage characteristic curve. Figure 2.3.4 shows a J-V curve of a solar
cell under illumination where several important solar cell parameters are
highlighted as well as a power-voltage curve.

Figure 2.3.4. Solar cell J-V characteristics under illumination (left). Power
density (right)

The current density that flows through the solar cell when no voltage is applied,
or equivalently, when the resistance of the external load is zero, is called the
short circuit current density (JSC). There are several factors that influence the JSC,
such as the intensity and spectrum of the incoming light, the absorption
coefficients of the materials in the active layer, as well as the efficiency of the
exciton dissociation, charge transport and charge extraction.
The voltage where the photocurrent and the dark current are equal and cancel
out so that the total current through the device is zero is called the open circuit
voltage (VOC). Equivalently, this is the voltage that develops between the
12

electrodes under illumination when they are not electrically connected, hence its
name. The VOC depends on the materials combination in the active layer and is
linked to the energy difference between the LUMO of the acceptor and the
HOMO of the donor.42 Using [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) as the acceptor material, the following empirical relation was obtained
for a number of different conjugated polymers as donors45

VOC 

Donor
PCBM
E HOMO
 E LUMO

e

 0.3 V

(2.3)

Using high band gap materials can thus result in a high VOC. However, since
high band gap materials also absorb a smaller part of the solar spectrum, the JSC
would be lower than for low band gap materials. Therefore, the effect of the
band gap on both the VOC and the JSC needs to be taken into account when
choosing the solar cell materials.
The power density P generated from a solar cell is given by

P  jV

(2.4)

Different loads correspond to different points along the J-V curve, and the
point (Vmax, jmax) where the solar cell generates the most power is called the
maximum power point (MPP), (see the right hand side of Figure 2.3.4).
The fill factor (FF) is defined as the ratio
FF 

jmax  Vmax
j SC  VOC

(2.5)

and gives a measure of how easily photogenerated charge carriers are extracted
from the solar cell. Since jmax  Vmax is equal to the area of the largest rectangle
that will fit inside the J-V curve and the coordinate axes (see Figure 2.3.4), the
FF can be visualized as the ‘squareness’ of the J-V curve; the more square
shaped the J-V curve is, the closer the FF is to unity. The FF is strongly
affected by parasitic resistances, and also depends on interface recombination
and the balance between electron and hole mobilities.46
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The power conversion efficiency (PCE) of a solar cell is defined as the ratio between
the maximal generated power and the power of the incident light, Pin.
PCE 

jmax  Vmax FF  j SC  VOC

Pin
Pin

(2.6)

Thus, for an efficient solar cell the FF, jSC and VOC all should be as high as
possible.
Since the intensity and spectrum of the incident light can affect many of the
aforementioned photovoltaic parameters, it is important to have clearly defined
illumination conditions for any given J-V measurement. Commonly used is the
Air Mass 1.5 (AM1.5) solar spectrum.44 The AM1.5 global spectrum (shown in
Figure 2.3.5) corresponds to sunlight attenuated by passing through the
atmosphere at an angle of 48° from zenith, equivalent to passing through 1.5
times the length of atmosphere compared to from zenith. For convenience, the
intensity of the AM1.5 spectrum is normalized so that the integrated irradiance
is 1000 W/m2.

Figure 2.3.5. AM1.5 solar spectrum.47
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2.3.2 Quantum efficiency
The current generated by a solar cell depends on the wavelengths of the
incident light. How the different parts of the solar spectrum contribute to the
total photocurrent is determined by measuring the quantum efficiency of the
solar cell. The quantum efficiency is the probability that a photon with a
particular energy will deliver an electron to the external circuit. A distinction is
made between external quantum efficiency (EQE) and internal quantum
efficiency (IQE). The EQE is given by the ratio between the number of
electrons collected as photocurrent and the number of incident photons
(equation 2.7), whereas the IQE relates the number of electrons collected as
photocurrent to the number of absorbed photons (equation 2.8).

number of electrons
number of incident photons

(2.7)

number of electrons
number of absorbed photons

(2.8)

EQE 

IQE 

Since the EQE at any given wavelength gives the probability that a photon
ultimately will contribute to the photocurrent, it is dependent on the efficiencies
for photon absorption, exciton generation, exciton diffusion to a
donor/acceptor interface, exciton dissociation and charge collection.
When measuring the EQE, the solar cell is illuminated by monochromatic light
whose wavelength is varied while the current is measured, typically under short
circuit conditions. Such a measurement results in a photocurrent spectrum that
shows which wavelength regions contribute efficiently to the photocurrent.
Usually a xenon lamp together with a monochromator is used as the light
source, which means that the illumination intensity at every wavelength would
be significantly smaller than the standard 1 sun intensity. This would then lead
to a low current density in the device which may not be representative for the
normal operating conditions for the solar cell at 1 sun intensity. For solar cells
in which the JSC has a non-linear dependence on the illumination intensity, the
EQE is also intensity dependent.48 Therefore, in order to obtain more realistic
operating conditions during EQE measurements, an additional white light
source is often used to illuminate the device at 1 sun, a technique known as
white light-biasing, or white light-soaking. The photocurrent generated by the
monochromatic light is distinguished from that generated by the white light by
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sending the monochromatic light through an optical chopper before it hits the
solar cell. The frequency of the chopper is referenced to a lock-in amplifier,
which enables the current generated by the monochromatic light to be
measured separately.49 The experimental setup is summarized below in Figure
2.3.6.

Figure 2.3.6 Typical experimental setup for an EQE measurement system. The solar cell is
illuminated by monochromated light passing through an optical chopper and simultaneously
also by white light, typically at 1 sun intensity. Using a lock-in amplifier, the current generated
by the monochromatic light can be measured separately. The wavelength of the
monochromatic light is then varied as the EQE spectrum is recorded.

The EQE is routinely used as a control to check the reliability of the J SC values
obtained from J-V measurements, and can help avoid errors due to e.g.
incorrectly calibrated light intensity or inaccurate active area.50 The JSC can be
calculated by integrating the EQE together with the incident photon flux Φ(E),

J SC  e EQE( E )  ( E ) dE
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(2.9)

2.4 Morphology
How the donor and acceptor materials are distributed within the active layer of
an organic solar cell is of great importance for the device performance.16, 51-54
The first successful organic solar cell, reported by Tang et al. in 1986 had an
active layer that was a bilayer of copper phthalocyanine and a perylene
tetracarboxylic derivative.55 As previously mentioned in section 2.2, only
excitons that are generated close enough to a donor/acceptor interface to reach
it by diffusion will contribute to the photocurrent. Therefore, a bilayer should
not be thicker than twice the exciton diffusion length in order to avoid exciton
recombination. Since the exciton diffusion length in organic semiconductors is
in the range of 5-20 nm, this means that the bilayer then would be too thin to
efficiently absorb light.
In 1995 the concept of the bulk heterojunction was introduced, in which the
donor and acceptor materials are mixed within the same layer.56, 57 Figure 2.4.1
shows typical bilayer and bulk heterojunction morphologies.

Figure 2.4.1. Illustration of typical bilayer (a) and bulk heterojunction (b)
morphologies.

Compared to the bilayer heterojunction, the bulk heterojunction has
significantly more interfacial area between the donor and acceptor materials and
the interfaces are distributed throughout the film. Consequently, excitons can
be efficiently dissociated in a larger fraction of the active layer even if the film is
thicker than twice the exciton diffusion length. On the other hand, since the
electrons are mainly transported through the acceptor material and the holes
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through the donor material, efficient charge transport requires that once the
exciton has been dissociated there exists continuous pathways of both donor
and acceptor materials to the respective electrode. If the materials are too
intimately mixed, there will be plenty of dead ends and bottlenecks that prevent
the charges from easily reaching the electrodes. Considering this, the bulk
heterojunction and the bilayer heterojunction excel at different aspects; in the
bulk heterojunction the exciton dissociation is efficient whereas in the bilayer
heterojunction the charge transport is efficient. However, comparing the device
performance of the two, it is the bulk heterojunction that to date is the superior
one.
For solution-processed materials, a bulk heterojunction is relatively simple to
obtain through a one-step process in which the donor and acceptor materials
are dissolved in the same solvent and mixed with each other before being
coated onto a substrate. There are many ways to vary the morphology of the
bulk heterojunction such as through the choice of solvent, annealing, materials
combination, blend ratios, type of substrate, and deposition method.51, 58-65 For
vacuum-processed films, bulk heterojunctions can be obtained by
co-evaporation.
Before the film is formed, when both materials are still in solution they form a
homogenous mixture, but as the solvent evaporates the donor and acceptor
materials will interact and generally start to phase separate into domains which
are rich in either of the components. The extent of the phase separation will for
a given materials combination depend on the film formation process. If the film
dries slowly there will be sufficient time for the phases to form large domains,
but if the drying is quick the system can be quenched into an intermediate state
where the domains have not yet had the time to grow large before the structure
is frozen in. This can be seen when comparing the morphologies of quickly
drying spincoated films to more slowly drying drop cast films where the drop
cast films exhibit larger domains.65 The phase separation can later be reactivated
by thermal annealing or solvent annealing.
The choice of solvent often has an effect on the morphology, not only because
of the different drying time due to the difference in solvent vapor pressure, but
also because of the solubility of the donor and acceptor materials in the
solvents. If the solubility limit is lower in one solvent compared to another, the
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phase separation will start earlier, giving more time for the phase separation and
resulting in larger domain sizes.
In the early stages of the film formation, driven by differences in surface
energy, the component that has the lowest surface energy will tend to move
towards the free surface in order to minimize the total energy. As a result, a
wetting layer rich in one of the components is commonly formed at the free
surface.66-72 Depending on how strongly the components interact and how
much time they are given before the film is dry, interfacial instabilities may
break up this layered structure into lateral domains,73 see Figure 2.4.2.

Figure 2.4.2. Schematic model illustrating morphology formation during drying.
Starting from a homogeneous mixture (a), as the film dries, phase separation
starts and initially creates a double layer due to surface energy differences (b).
The layered structure can either be frozen in or develop further into a lateral
structure (c).

Because of the impact morphology has on the performance of organic solar
cells, it is of great importance to have proper tools for characterization.
Structural as well as chemical information can be readily acquired via various
microscopic and spectroscopic methods. A selection of experimental methods
that can be used to probe the morphology is treated in more detail in chapter 4.

19

2.5 Stability
As the efficiencies of polymer solar cells have steadily improved over the last
years, we are now reaching a point where stability rather than efficiency is
becoming one of the major impediments for commercialization. In order to
achieve higher stability, the degradation processes in the materials have to be
understood. There are a number of external factors that can contribute to the
degradation, such as water, oxygen, light and heat. Additionally, polymer solar
cells degrade via several chemical and physical pathways that affect different
parts of the device; the donor and acceptor materials, the active layer
morphology, as well as the interlayers and electrode materials.74-80 Thus,
encapsulating the devices to protect them from the ambient atmosphere is
necessary for long-term stability. Recently, large area (100 cm2) modules,
encapsulated using a simple low-cost packaging barrier, successfully maintained
over 80% of the initial efficiency after more than 2 years of outdoor
operation.20
The loss in solar cell performance differs depending on the type of degradation
that has taken place. Observing changes to the JV-characteristics is a common
way to monitor the progression of the degradation, and how to the different
photovoltaic parameters are affected can provide valuable insight into the
nature of the degradation. The JSC is directly related to light absorption, exciton
dissociation, charge transport and charge extraction at the electrodes.
Consequently, if one or more of those steps are impaired by the degradation,
the JSC would decrease. A decrease in VOC could be due to e.g. changes to the
electronic structure of the donor and acceptor materials or the work function of
the electrodes.81, 82 Degradation that either increases the series resistance or
decreases the parallel resistance would lead to a reduced FF, as would any
processes that increase interface recombination or disturb the balance between
electron and hole mobilities.46, 81
Low work function metals such as aluminium and calcium are commonly used
for top electrodes in polymer solar cells. Such metals are highly reactive to
oxidation and form oxides with insulating properties, thus forming barriers to
charge extraction.83 It has been suggested that water can diffuse through pores
in the metal layer and form metal oxides at the interface between the electrode
and the rest of the device.74 It has also been shown, using secondary ion mass
spectrometry that oxygen from the surrounding atmosphere can diffuse
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through grain boundaries and microscopic holes in the aluminium electrode
and into the device.78, 84
LiF is commonly used as an interlayer between the active layer and the top
electrode and can improve the fill factor and VOC.85 Kawano et al showed that
LiF also could improve the device stability of P3HT:PCBM solar cells during
the first 8 hours of illumination.86 However, thin layers of LiF have also been
shown to decompose during the deposition of the aluminium top contact.87
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is
currently one of the most common materials used as a hole transport layer.
However, due to its acidic nature with pH as low as 1-3,74 it can together with
water corrode the adjacent electrode; especially those made from metals but
also ITO has been shown to etch in the presence of PEDOT:PSS. 76
PEDOT:PSS is found as one of the main sources of device degradation.
Alternative hole transport layers are therefore widely investigated.
When conjugated polymers are photo-oxidized they tend to bleach as the loss
in conjugation destroys the chromophores,75 leading to reduced light
absorption. By comparing the UV-Vis spectra of films of poly[2,3-bis-(3octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1) of different
molecular weights to degraded films, Henriksson et al. assigned the bleaching to
chain scission due to photo-induced oxidation.88 Reese et al. have shown that
the photobleaching of poly(3-hexylthiophene) (P3HT) blended with PCBM is
much slower than that of pristine P3HT and rationalized this by a process
where PCBM quenches the photoexcited state of the polymer, hence protecting
it from photo-oxidation.79 Apart from photochemical reactions, oxygen can
also p-dope the active layer, forming a space charge region in front of the
cathode that shields the electric field and hinders charge extraction.89
Manceau et al. investigated the photochemical stability of 24 different
conjugated polymers using UV-Vis and infrared spectroscopy and were able to
find some general rules connecting the chemical structure to stability. Several
common monomers were ranked by their degree of stability. Fluorene units
were shown to be far less stable than e.g. thiophene units. It was also found
that the position and number of side chains affected the stability; with high
numbers of sidechains leading to low stability.90 Hoke et al. investigated the
photobleaching of polymer:fullerene blends in the presence of oxygen and
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found the degradation to depend on the position of the fullerene’s LUMO.
With decreasing electron affinity, the rate of photobleaching of the blend
increased, and a mechanism was proposed where electron transfer from the
polymer or fullerene to diatomic oxygen generates oxygen radicals that degrade
the polymer.91
As mentioned in section 2.4, the active layer typically forms a metastable blend
of the donor and acceptor materials. During illumination, the active layer may
reach temperatures high enough to initiate further phase separation, 92 leading to
larger domains, with less effective exciton dissociation and a smaller
photocurrent as a possible result. High temperature can also trigger the growth
of large, micrometer sized PCBM crystals93-96 that will hamper the solar cell
performance considerably.
While most work on the degradation of the active layer has been focused on the
polymers, PCBM has also been shown to degrade when exposed to light and
air. Reese et al. observed oxidation of PCBM after exposing a P3HT:PCBM
blend film to light in ambient air for 1000 hours.79 It has also been shown by
Chambon et al. that the photo-oxidation of PCBM mainly involves the
oxidation of the C60 moiety.97 Anselmo et al. recently used near-edge X-ray
absorption fine structure (NEXAFS) and X-ray photoelectron spectroscopy
(XPS) to study the effect of light exposure in air on the electronic structure of
PCBM, they found distinct changes to both the occupied and unoccupied
molecular states already after 30 minutes of exposure.98 The influence of
ambient atmosphere on PCBM has been investigated by Bao et al. who exposed
PCBM films to oxygen gas and water vapour in darkness. Changes to the
PCBM work function were observed after water vapour exposure, and the
valence band spectrum was also strongly affected by the exposure to water
vapour.99
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2.5.1 Encapsulation
Given the sensitivity of polymer solar cells to photo-degradation in the
presence of oxygen and moisture, the importance of protection from the
ambient atmosphere is evident. Encapsulating the solar cell using suitable
materials can provide this protection. Apart from forming a barrier for oxygen
and water, the encapsulation material also needs to have a high transparency, at
least on one side of the solar cell. Moreover, in order to achieve the low-cost
production of polymer solar cells, the cost of encapsulation cannot be too high.
A readily available material with excellent barrier properties against oxygen and
water is glass. It is common for polymer solar cells produced on the laboratory
scale to be processed on glass substrates, so the device can be encapsulated in a
relatively straightforward manner by placing a glass slide on top. The two glass
sheets are usually sealed together by an adhesive such as UV-curable or
thermosetting epoxy resins. Since the glass itself is practically impermeable to
oxygen and water, it is the edge sealing that forms the weakest part of the
encapsulation.100 In 2006 Krebs encapsulated a P3HT:PCBM solar cell between
a sheet of glass and a thick aluminium back plate and demonstrated an
operational stability of more than one year in which time 65 % of the initial
efficiency was retained.101 An obvious problem with glass as the encapsulation
material is, however, that the mechanical flexibility of the polymer solar cell is
sacrificed. For laboratory use, on the other hand, this type of encapsulation is a
convenient technique.
Using mechanically flexible materials to keep water and oxygen away is
something that is well known in the food and pharmaceutical packaging
industry. Commonly available, low-cost polymers are too permeable to oxygen
and water to be used on their own in the packaging of sensitive products.102
This led to the development of barrier films that are integrated with the plastic
film. A common example of this is an aluminium layer, a few tens of
nanometers thick, deposited onto a polymer film. Such a structure can improve
the barrier properties by two orders of magnitude with respect to the bare
polymer film.103 For solar cells, however it is important that light can pass
through the encapsulation, hence the use of metals as barrier films is not ideal.
Thin oxide films, such as SiOx, have also been used successfully on polymer
substrates, offering good barrier properties while retaining optical transparency,
mechanical flexibility and cost-effectiveness.102
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2.5.2 Concentrated light
As the life times of polymer solar cells increase, now displaying operational
stability exceeding two years,20 stability testing under normal operating
conditions is becoming increasingly time-consuming. For this reason,
techniques for accelerated aging can be useful in order to obtain stability
information within a more convenient timeframe. Accelerated aging can be
realized by changing the temperature or the atmosphere.74, 104, 105 For photodegradation studies, concentrated light can also be used, and is a promising tool
to accelerate the degradation processes.100
Normally the light used in most concentrator setups is sunlight, even though
simulated sunlight also can be used.106 In order to control environmental
factors such as ambient temperature and atmosphere, it is often not desirable to
conduct the degradation experiments outdoors. When using concentrated
sunlight for degradation studies, it is therefore common to focus the light onto
an optical fiber that allows the concentrated light to be guided indoor where the
environment can be controlled.107
Tromholt et al. used a lens-based solar concentrator to accelerate the
degradation of conjugated polymers. The material degradation was monitored
by UV-Vis and infrared spectroscopy and compared for different solar
concentrations. The polymers were found to degrade much faster under
concentrated sunlight, and a degradation acceleration factor was deduced from
the rates of photo-bleaching under different illumination intensities. The
acceleration factor was found to depend linearly on the intensity of the
concentrated sunlight. Infrared spectroscopy further revealed that the
modifications to the polymer due to exposure to concentrated sunlight were
similar to those caused by exposure to 1 sun. Hence, concentrated sunlight can
allow otherwise time-consuming degradation studies to be performed within a
much shorter time without having the degradation mechanisms significantly
altered.108
A problem that can be encountered when using concentrated sunlight to
accelerate the photo-degradation is that the high intensity light will heat the
sample much more than under normal sunlight. Madsen et al. studied the
degradation of P3HT and found the increase in photo-bleaching with increased
illumination dose to be similar for different light concentrations as long as the
samples were cooled to keep a constant temperature. Without cooling of the
samples on the other hand, the photo-bleaching increased faster with
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illumination dose for concentrated light than for lower intensity light.106 Thus,
when using concentrated light it is important to separate the light-induced
degradation from any potential thermally induced degradation. Visoly-Fischer et
al. demonstrated accelerated degradation of P3HT:PCBM solar cells using
concentrated sunlight while maintaining the solar cells at low temperature. This
was achieved by chopping the light, thus allowing heat accumulated during the
illumination to be dissipated during the non-illuminated period.109
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2.6 Hole transporting layers
As was described in section 2.4, the morphology of the active layer in polymer
solar cells is often such that the donor and acceptor materials are in direct
contact with both electrodes. For this reason, interfacial layers are commonly
placed between the active layer and the electrodes in order to improve charge
selectivity and enhance charge extraction.41 The layer placed between the active
layer and the anode is known as the hole transporting layer (HTL) whereas that
placed between the active layer and the cathode is known as the electron
transporting layer. Here the main focus will be placed on HTLs.
In order to function as an efficient HTL, an interfacial layer should have a
number of properties. First of all, its work function should be high enough to
match the HOMO of the donor. This way, a high contact barrier at the
anode/donor interface can be avoided and ohmic contact between the anode
and the active layer is promoted. If the conduction band of the HTL material
lies sufficiently far above the LUMO of the active layer materials, the HTL will
also prevent electron transfer into the anode. Figure 2.6.1 shows the energy
level diagram of the components of an organic solar cell with an HTL material
that has an electronic structure such that hole collection by the anode is
facilitated while electron transport to the anode is blocked.
Since it is only the light that reaches the active layer and is absorbed that will
generate excitons and thus contribute to the photocurrent, the optical
properties of the HTL are important. The HTL should have a high
transmittance in the spectral region where the solar cell operates. Materials with
high band gaps are therefore suitable since they have high optical transmittance
in most of the solar spectrum. In solar cells with the conventional device
structure (as shown in Figure 2.2.1) where the active layer is deposited on top
of the HTL, the HTL material should also have a surface energy that allows for
good wetting and film formation of the active layer. Materials used as HTLs
should also have a high hole mobility.
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Figure 2.6.1. Energy level diagram of the components of an organic solar cell with a wide
band gap, p-type semiconductor as an HTL. The HTL should have a high work function in
order to match the HOMO of the donor material, allowing ohmic contact to be formed.
Additionally, if the conduction band energy of the HTL is low enough, transfer of electrons to
the anode is blocked.

Several different types of materials have successfully been used as HTLs in
polymer solar cells. One of the most commonly used is PEDOT:PSS, a watersoluble polyelectrolyte that can have a high electrical conductivity and exhibits a
high optical transparency in the visible region.110, 111 The relatively high work
function of PEDOT:PSS can lead to a low energy barrier for holes at the
interface between the active layer and the PEDOT:PSS.112, 113 However, the
major drawback of PEDOT:PSS lies in its adverse chemical properties such as
its hygroscopic and acidic nature, which have been shown to be detrimental for
the long term stability of BHJ organic solar cells.74, 75, 77, 114 Also, many of the
recent state-of-the-art donor materials are designed to have a deep-lying
HOMO in order to maximize the VOC,115 therefore having HTLs with high
work functions has become increasingly important. The work function of
PEDOT:PSS, although exhibiting some spread depending on formulation and
processing conditions,116, 117 tends to be too low to match the deep-lying
HOMO of many of the newer donor materials. By using high work function
metal oxides as HTLs instead of PEDOT:PSS, these drawbacks can be
overcome.
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There are several different high work function metal oxides that have been
successfully used as HTLs, including NiOx, MoO3, V2O5, and WO3.118-121
Among these metal oxides, NiOx is the only p-type material while the others are
all n-type.120-123 At first it was believed that MoO3, V2O5, and WO3 also were ptype, but later studies showed, using a combination of ultraviolet photoelectron
spectroscopy (UPS) and inverse photoemission spectroscopy, that they are ntype materials with very deep lying electronic states.121, 124, 125
While pure, stoichiometric NiO is an insulator,126, 127 non-stoichiometric NiOx
is a p-type, wide band gap semiconductor.122, 128-131 NiOx has a high optical
transmittance in the visible region, a valence band energy that is close to the
HOMO of many donor materials, allowing transport of holes to the anode
while the high conduction band energy prevents electrons from reaching the
anode so that recombination at the interface is avoided.122, 131-133 NiOx has been
used as the HTL in organic solar cells, deposited by several different methods
such as pulsed-laser deposition,122, 134 thermal evaporation,135 atomic layer
deposition,136, 137 sputtering138, 139 and solution processing,131-133, 140-143 often
outperforming their PEDOT:PSS-based counterparts. Of all these
aforementioned deposition techniques, solution processing is the one that is
most suitable for low cost, large scale fabrication of organic solar cells due to
the compatibility with roll-to-roll printing and the fact that no vacuum is
required.
Solution processed NiOx films are usually made from a precursor solution
containing nickel formate,141, 144 nickel acetate133, 142, 143, 145 or nickel chloride146.
After depositing a thin layer of the precursor solution, thermal annealing can
then convert the precursor into NiOx.131-133, 141, 144 To increase the work
function of the NiOx HTL, exposure to oxygen-plasma131, 134, 139, 144 and UVozone142, 143 has been used successfully.
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Chapter 3
Materials and sample preparation
3.1 TQ1
The main polymer studied in this thesis is poly[2,3-bis-(3-octyloxyphenyl)
quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1). TQ1 is an alternating
copolymer that consists of thiophene and quinoxaline units. To make the
polymer soluble in common organic solvents, two octyloxyphenyl side groups
are attached to the quinoxaline unit. The molecular structure is shown in Figure
3.1.1.

Figure 3.1.1. Molecular structure of TQ1.

TQ1 was first synthesized in 2003 by Yamamoto et al.147 and used for the first
time as the electron donor in solar cells in 2010 by Wang et al.148 Used together
with the fullerene derivative [6,6]-phenyl C71-butyric acid methyl ester
(PC70BM), the solar cells initially displayed a PCE of up to 6%,148 which was
later pushed to 7% by morphology control using solvent additives.149
TQ1 belongs to a class of conjugated polymers called donor-acceptor polymers.
By having units along the polymer backbone that are alternatingly strongly
acceptor-like and strongly donor-like, the band gap of the polymer can be
reduced.150 In TQ1, the thiophene is the donor-like unit and the quinoxaline the
acceptor-like unit. The optical bandgap of TQ1 is 1.7 eV.148
Being easy to synthesize148 and also displaying a higher thermal and chemical
stability than many other commonly used electron donating polymers such as
P3HT,151 TQ1 is a promising solar cell material for the future.
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3.2 PCDTBT
Another polymer studied in this thesis as an electron donor is poly[N-(1octylnonyl)-2,7-carbazole]-alt-5,5-[4’,7’-di(thien-2-yl)-2’,1’,3’-benzothiadiazole]
(PCDTBT). PCDTBT is an alternating copolymer that, just like TQ1, belongs
to the class of donor-acceptor polymers, and consists of electron donating
carbazole and electron accepting benzothiadiazole units that are bridged by
thiophene units.115 Alkyl chains are added to the carbazole units for improved
solubility. The molecular structure of PCDTBT is shown in Figure 3.2.1.

Figure 3.2.1 Molecular structure of PCDTBT.

PCDTBT was first synthesized in 2007 by Blouin et al. The optical band gap is
1.88 eV and initial solar cells displayed an efficiency of 3.6 %, 152 which was later
increased to above 7.2% by the combined use of TiOx as an optical spacer and
MoO3 as the HTL.153Additionally, PCDTBT-based solar cells have displayed a
remarkably high IQE, close 100 % for light of around 450 nm wavelength,
which means that almost every absorbed photon in that range generates free
charge carriers that are able to reach the electrodes.154
Carbazole derivatives, which PCDTBT is an example of, have displayed good
chemical and thermal stability as well as relatively high charge mobility, 152, 155
making them promising as solar cell materials. For example, even though
carbazole is structurally very similar to fluorene, replacing the carbon atom on
the central fluorene ring with nitrogen improves the chemical stability by
preventing the ketone formation normally associated with the oxidation of
fluorene which would be detrimental to the electronic and optical properties.155
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3.3 Fullerene derivatives
For solar cell applications, some of the most commonly used electron acceptors
are fullerene derivatives. Fullerenes themselves have good electron accepting
properties due to their high electron affinity but, owing to their low solubility in
most common solvents, are not ideal for solution-processed solar cells and are
normally limited to devices produced by vacuum deposition. By adding a
suitable functional group to the fullerene cage, however, the issue with low
solubility can be resolved. The fullerene dervative [6,6]-phenyl-C61-butyric acid
methyl ester (PC60BM) was synthesized in 1995 by Hummelen et al.156 and is to
date one of the most commonly used acceptor materials in polymer solar cells.
The molecular structure of PC60BM is shown in Figure 3.3.1a.

Figure 3.3.1. Molecular structure of a) PC60BM and b) PC70BM.

Apart from being a good electron acceptor, fullerene derivatives also have
relatively good electrical transport properties with an electron mobility on the
order of 10 -2 cm2/(V·s) for PC60BM.157 Another widely used fullerene
derivative is [6,6]-phenyl-C71-butyric acid methyl ester (PC70BM), that exhibits
stronger light absorption in the visible range than PC60BM.158 The molecular
structure of PC70BM is shown in Figure 3.3.1b.
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3.3 Spin-coating
Spin-coating is a common technique used to produce thin film coatings on flat
substrates. For polymer solar cell research it has found a particularly widespread
use as it provides a quick and easy way to create uniform and thin (~100 nm)
films. As the name might allude to, spin-coating works by placing a solution of
the coating material on a substrate and subsequently spinning it until a dry film
has formed. This process can be divided into the following sub-steps159 that are
illustrated schematically in Figure 3.3.1.

Figure 3.3.1. Schematic illustration of the spin-coating process. (a) The solution
is dispensed. (b) The substrate is rotationally accelerated and excess solution
thrown off. (c) Solution flows off the substrate, the flow decreasing as the
solvent evaporates and the film viscosity increases. (d) As the flow ceases, fluid is
only lost through solvent evaporation.

After an excess amount of solution has been dispensed (Figure 3.3.1a), the
substrate is rotationally accelerated (Figure 3.3.1b). In this first step, about 90%
of the solution is thrown off as the substrate starts spinning.159 The initial
amount of solution has little or no effect on the final film thickness.160 The
acceleration time until the final spin speed is reached does not affect the final
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film thickness either, but can influence the radial uniformity of the film if long
acceleration times are used.161
In the next step, the rotation makes the solution flow radially outward (Figure
3.3.1c), reducing the film thickness while at the same time solvent evaporation
also increases the viscosity of the film. Since the flow is governed by the
balance between centrifugal and viscous forces, the flow decreases as the
concentration and thus the viscosity if the film increases. It is mainly during this
step that phase separation occurs.162
The final step begins when the viscosity of the film has become high enough
that the flow is negligible. From that point on, solvent evaporation is the
dominant fluid loss (Figure 3.3.1d).
Several different factors influence the final film thickness during spin-coating.
Since the final film thickness is mainly determined during step c) in Figure
3.3.1, high spin speeds lead to low final film thicknesses. High initial solution
concentrations on the other hand give a high solution viscosity early in the
process and consequently lead to thicker films. High vapour pressure solvents
evaporate quickly so that the viscosity also increases quickly, also giving thicker
films. An empirical relation between film thickness d and spin speed ω is given
by
d  k  

(3.1)

where k and α are empirically determined constants, dependent on solution
properties and substrate. α typically has a value in the vicinity of -0.5.160
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Chapter 4
Experimental techniques
4.1 Atomic force microscopy
Atomic force microscopy (AFM) is a scanning probe technique used to
characterize surfaces, most notably the surface topography. First developed in
1986 by Binnig et al.163 the AFM made high-resolution studies of surfaces of
insulating materials possible. The scanning tunneling microscope (STM),
developed a few years earlier,164 relies on tunneling currents and is thus
restricted to conducting or semiconducting samples. Both STM and AFM
utilize a very sharp tip that is scanned across the sample surface; the STM
detecting electron tunneling whereas AFM detects the forces between tip and
sample. The resolution of AFM images can be very high, with atomic resolution
having been demonstrated, both in vacuum165 and on surfaces covered by
liquids.166
The interactions between the tip and the sample can be approximated by the
Lennard-Jones potential167
 r 12  r  6 
U  4   0    0  
 r  
 r 

(4.1)

where U is the interaction potential, r the distance between the tip and the
sample, ε the depth of the potential and r0 the finite distance where the
potential is zero. The negative term in equation (4.1) is the attractive
contribution from Van der Waals forces and the positive term is due to Pauli
repulsion, i.e. from the overlap of electron orbitals. The Lennard-Jones
potential is shown in Figure 4.1.1.
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Figure 4.1.1. Lennard-Jones potential along with the operational ranges of
contact mode, non-contact mode and tapping mode.

The instrumental setup of a typical AFM system is shown in Figure 4.1.2. The
tip is mounted on a cantilever, allowing forces to be measured via the deflection
of the cantilever. The deflection is measured by reflecting a laser beam from the
top surface of the cantilever onto a position sensitive photodiode. The sample
and the tip are moved relative to one another by a piezoelectric stage that can
move in the x, y and z directions.
There are several different imaging modes for AFM; some of the more
common ones being contact mode, non-contact mode and tapping mode.
Contact mode operates in the repulsive part of the interaction potential (see
Figure 4.1.1). The tip is brought into contact with the sample and usually kept
at a constant force as the tip is scanned across the sample. A feedback loop
assures that the force is kept constant by moving the cantilever relative to the
sample in the z-direction using the piezo crystal. That way, as the sample is
scanned, at every point (x,y), the z-position is recorded and gives a threedimensional image of the sample surface. As the forces between tip and sample
can be relatively high in contact mode, hard samples are preferable. Soft
samples can easily be damaged, especially by lateral forces as the tip is dragged
across the sample surface. Also, the area of contact between the tip and the
sample is higher for soft samples, thus limiting the resolution.168
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Figure 4.1.2. Typical AFM setup.

Non-contact mode operates further away from the sample in the attractive part
of the interaction potential (see Figure 4.1.1). The tip is not in direct contact
with the sample and the cantilever is made to oscillate near its resonance
frequency. The interactions with the sample shift the frequency of the
oscillation, and this frequency shift can be kept constant by the feedback loop
by varying the z-position of the cantilever, thus mapping the sample
topography. Here the forces between tip and sample are lower than in contact
mode so sample damage from the tip is small, as is the area of contact between
the tip and the sample, allowing for very high resolutions. However, when
measuring in air, the sample surface may be covered by contaminant layers (e.g.
water) thicker than the range of the attractive forces being probed.168
Tapping mode (also known as intermittent contact mode) operates within both
the range of contact and non-contact mode. Just like in non-contact mode, the
cantilever is made to oscillate, but now at much higher amplitude so that the tip
once per oscillation is brought into contact with the sample, tapping it. Usually
constant amplitude is maintained by the feedback loop while the sample is
scanned. Apart from measuring the topography, the phase difference between
the driving frequency and the actual oscillation frequency can also be recorded
at every point. The phase difference is sensitive to the stiffness of the sample,169
so it is possible to distinguish between materials of different stiffness in the
phase image. Tapping mode avoids the damage to soft samples associated with
contact mode, while also being able to operate in ambient air, since any layers
of adsorbed water are easily penetrated by the tip.
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4.2 Secondary ion mass spectrometry
Secondary ion mass spectrometry (SIMS) is a chemically sensitive analysis
method based on ion sputtering. A beam of primary ions hits the sample
surface, and upon impact ejects particles from the surface (Figure 4.2.1). These
particles include ions, neutral atoms and molecules, as well as electrons and
photons. In SIMS, these ejected secondary ions are sent to a mass spectrometer
to be analysed. The mass spectrometer measures the mass-to-charge (m/q)
ratio of the ions, thus giving information about the chemical composition of
the sample. Since the secondary ions originate from very close to the surface
(<1 nm), this technique gives surface sensitive chemical information.170

Figure 4.2.1. Illustration of the sputtering process in SIMS. Note though that in
the figure, the relative amount of charged particles in relation to neutral ones is
exaggerated; in a true situation only a small fraction of the secondary particles
leave the surface charged.170

Sputtering using low primary ion doses to analyse the chemical composition of
the topmost layer of the sample is known as static SIMS. By using higher doses,
or a separate source of primary ions intended only to remove material,
secondary ions can be collected throughout the sample. This mode, known as
dynamic SIMS, produces depth profiles with vertically resolved compositional
information. Furthermore, by scanning the primary beam laterally, composition
maps can be obtained, and if used in combination with depth sputtering,
complete three-dimensional maps can be created.
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After the secondary ions have been generated, they are extracted and
accelerated by an electric field. Because of the spread in kinetic energy from the
sputtering process, the secondary ions are then sent through an energy filter
before entering the mass spectrometer. There are several different types of
mass spectrometers. A sector field mass spectrometer uses static electric or
magnetic fields (or a combination of both) to separate ions of different m/q
ratios. In a quadrupole mass spectrometer the secondary ions are sent along
four parallel metal rods. Oscillating electric field are applied to the rods such
that only ions having a specific m/q ratio can pass through. A time-of-flight
mass spectrometer measures the time it takes the ions to travel a given distance.
After being accelerated by an electric field and sent through an energy filter,
ions having the same charge will also have the same kinetic energy, travelling at
different speeds depending on the mass; thus allowing the m/q ratio to be
obtained by measuring the time of flight. Time-of-flight mass spectrometers
require that either the primary ion beam or the acceleration field is pulsed.
Although SIMS makes it possible to determine where in a sample certain
chemical species are located, as well as how the concentration changes in space,
the information is usually qualitative. Translating specific m/q intensities to
absolute concentrations is difficult since the detection sensitivities for different
elements vary.170
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4.3 Synchrotron radiation
Since the discovery of X-rays in 1895 by Röntgen,171 a considerable number of
techniques have been developed that use X-rays to characterize materials. The
first X-ray sources were X-ray tubes; vacuum tubes where electrons are
accelerated by a high voltage and produce X-rays as they hit the anode. The
maximum photon flux that can be produced by an X-ray tube is however
limited by the heating of the anode caused by the decelerating electrons, even if
this problem can be reduced by using water cooling and a rotating anode.172 To
get higher flux, synchrotrons are used. It is worth noting though, that the total
photon flux from a light source is not the only factor determining how many
photons ultimately will hit a sample and is therefore not the ideal quantity for
comparing light sources. Brilliance (or brightness as it is also commonly
referred to) is a measure related to the number of photons emitted per second
per bandwidth per unit solid angle and unit area of the source.173 Compared to
X-ray tubes, the achievable brilliance of synchrotron radiation sources can be
more than 14 orders of magnitude higher.174
It is well known that accelerated charges emit photons.175 Synchrotron radiation
is produced as the trajectory of electrons moving at relativistic speeds is bent;
hence the radial acceleration of the electrons causes the emission of radiation.
Since the electron velocity is very close to the speed of light, an observer
looking at approaching electrons will see a large relativistic Doppler shift. The
radiation is emitted along the tangent of the electron path in a narrow cone,
with its divergence θ given by174

 ~  1

(4.2)

where γ is the Lorentz factor. Since γ typically is on the order of 1000 or more
for most synchrotron facilities,176 the divergence is usually less than a
milliradian, which is part of the reason for the high brilliance of synchrotron
radiation sources.
Figure 4.3.1 schematically depicts some of the main components of a
synchrotron. Electrons are normally generated from a hot cathode by
thermionic emission and accelerated first by a linear accelerator (linac) before
being sent into a booster ring. In the booster ring the electrons are further
accelerated before they are injected into the storage ring. Modern storage rings
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are generally not completely circular, but rather shaped like a regular polygon.
The electron beam is bent at the corners by dipole magnets, called bending
magnets, which apart from just keeping the storage ring beam in a closed path
also produce synchrotron radiation.

Figure 4.3.1. Sketch of a synchrotron showing some of the main components.
Electrons are generated and then accelerated before entering the storage ring
where synchrotron radiation is produced as the electron beam is bent by bending
magnets or insertion devices.

Since the electrons lose energy as they radiate, the energy must be replenished
so that they don’t collide with the inner wall of the storage ring. This is done by
RF cavities that use a high frequency oscillating electric field. The electron
beam is not continuous, but consists of electrons grouped together in bunches.
Depending on how much energy an electron has lost, it will enter the RF cavity
at slightly different points in time and thus experience different electric fields,
which helps to keep the electron bunches together travelling at the same speed.
In the transverse directions, the beam is kept together by quadrupole and
sextupole magnets; the quadrupoles focus the beam and the sextupoles correct
for chromatic aberrations caused by the quadrupoles.174
The synchrotron radiation is, as previously mentioned, produced by the
bending magnets, but can also be produced by so-called insertion devices that
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are placed along the straight sections of the storage ring. Such devices use a
periodic magnetic structure that forces the electron beam to move in a
transverse oscillatory motion to create synchrotron radiation. If the magnetic
field is strong, the electron oscillations get large; such an insertion device is
known as a wiggler and produces much higher photon flux than bending
magnets since the beam is bent several times instead of just once. The spectrum
of the radiation from a wiggler is broad, similar to that from a bending magnet.
If instead the magnetic field is weaker and the electrons oscillate within the
divergence angle of the emitted radiation θ, the insertion device is known as an
undulator. The difference between a wiggler and an undulator is that the emitted
synchrotron radiation from each of the bends the beam makes in an undulator
overlap and only certain wavelengths interfere constructively, resulting in a
spectrum with most of the photon flux narrowly concentrated around those
wavelengths. By changing the magnetic field in the undulator by moving the
gap between the magnets, the wavelengths that will interfere constructively can
be tuned.174, 177
The synchrotron radiation emitted from a bending magnet or insertion device
travels away from the storage ring and along a beamline where it can be
focused, and monochromated before finally reaching the experimental
endstation.
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4.4 Near-edge X-ray absorption fine structure spectroscopy
X-ray absorption in matter is usually a smooth function of photon energy, but
at certain energies, sharp, step-like increases in the absorption are found, as can
be seen in Figure 4.4.1. These features, called absorption edges, occur at photon
energies that match the energy required to ionize a core-level. Looking closer at
an absorption edge, one will find that it is in fact not just a step; there is
structure to be seen. The region close to the edge can have strong fluctuations
in absorption, known as near-edge X-ray absorption fine structure (NEXAFS).

Figure 4.4.1: X-ray absorption spectrum showing the carbon K-edge, the righthand side displaying the NEXAFS region. Left figure adapted from reference
115.

Since variable photon energy is required, NEXAFS measurements are normally
performed at synchrotron facilities. As the photon energy is scanned across an
absorption edge, core-level electrons get excited into unoccupied states. The
spectrum thus gives information about the density of unoccupied states.
NEXAFS spectroscopy is not only element sensitive, but also bond sensitive.
For example, diamond, graphite and C60 have very distinct NEXAFS spectra
even though they only contain carbon atoms. Organic molecules have
particularly rich and detailed features at the carbon edge,178 making it possible
to use NEXAFS spectra as a way to identify a molecule by its molecular
fingerprint. In addition, information about molecular orientation can be
obtained from angular resolved NEXAFS since the orientation of a molecular
orbital with respect to the electric field of the incident X-rays affect the
absorption probability.179-181
A NEXAFS spectrum can be recorded in a number of different ways; directly
by counting the number of transmitted X-rays and comparing it to the incident
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intensity, or indirectly via the relaxation processes that follow the absorption. If
any transmitted signal is to be measured, however, the sample must be thin
enough to provide a detectable transmission signal, and either mounted on a
transparent substrate or freestanding. The relaxation processes work as follows.
After a photon has been absorbed and an electron has been promoted from a
core level into an unoccupied state, an electron will soon relax and fill the hole
in the core level. As this happens, energy is released, either by the emission of a
fluorescent photon or by the ejection of an Auger electron. By detecting the
emitted photons (known as fluorescent yield) or the electrons (known as electron
yield), a quantitative measure of the absorption is obtained. The different
detection modes are illustrated in Figure 4.4.2. The fluorescent yield gives
information from deeper within the sample than electron yield, since the escape
depth of photons is much higher than for electrons. However, for molecules
made of light elements (such as carbon, nitrogen or oxygen), the fluorescent
yield is much lower than the electron yield.182

Figure 4.4.2. Different detection modes in NEXAFS spectroscopy.

The electron yield can in turn be measured in various ways, giving different
surface sensitivity. In total electron yield (TEY), all electrons that manage to
escape the sample are counted, often by measuring the sample drain current,
but can also be measured using a channeltron. In partial electron yield (PEY), a
channeltron is used together with a retarding voltage that prevents low kinetic
energy electrons from entering the channeltron. Since electrons originating
from deeper within the sample are very likely to have lost energy to inelastic
scattering on their way out, the PEY has a higher surface sensitivity than the
TEY. If instead an electron energy analyser is used to detect the electrons, the
detection window can be chosen to match the kinetic energy of electrons
emitted by an Auger transition; i.e. electrons that have lost no energy to
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inelastic scattering can selectively be measured. This mode is called Auger
electron yield (AEY) and is the most surface sensitive of the different electron
yield modes.
Since NEXAFS spectra of organic materials have rich features and can be used
as molecular fingerprints, it is possible to deduce the composition of
multicomponent blends from the NEXAFS spectra. If the spectra of the pure
components are available, the spectrum of the blend can then be fitted to a
linear combination of the pure components’ spectra. The coefficients in the
linear combination then give the volume ratio of the components.183 This
requires that the pure components do not react and form new components
when blended. By using detection modes with different surface sensitivities, the
composition can be probed at different depths.
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4.5 Scanning transmission X-ray microscopy
Scanning transmission X-ray microscopy (STXM) is a technique that combines
NEXAFS spectroscopy with microscopy, providing composition maps with
chemical contrast. In materials that are mixtures of components whose
NEXAFS spectra differ, STXM can be used not only to distinguish between
the components, but also quantitatively determine the composition. A typical
STXM setup is shown in Figure 4.5.1.

Figure 4.5.1. Schematic illustration of a STXM setup. Monochromatic X-rays
are focused onto the sample by a zone plate. The sample is raster scanned
relative to the beam while the transmitted X-rays are detected. Unwanted
diffraction orders from the zone plate are blocked by an order sorting aperture
(not shown in the figure).

First of all, the NEXAFS spectra of the pure components are examined to find
the photon energies where the difference in absorption is the highest. These
photon energies are then selected for image scans. The X-rays are focused onto
the sample and the transmitted intensity is recorded as a function of
x, y position as the sample is raster scanned, forming a transmission image for a
certain photon energy. The focusing is done by a Fresnel zone plate that
focuses the light by diffraction, and an order sorting aperture is placed after the
zone plate, only letting first order light from the zone plate through. The
smallest possible spot size is obtained by using spatially coherent light, and for a
given X-ray wavelength, the spot size is limited by the outer zone width of the
zone plate.177 For soft X-rays, using high quality zone plates, spatial resolutions
of a few tens of nanometers can be achieved.177, 184 The fine movement of the
sample relative to the beam is typically done in the x- and y-directions by
piezoelectric stages, course x, y and z movement by stepper motors.
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The STXM composition maps are obtained from the transmission images in a
similar manner to how the composition of a blend is deduced by NEXAFS
spectroscopy. In the image scans, pixel by pixel, the absorption at each photon
energy is fitted to a linear combination of the pure components’ absorption.
This way, a chemical composition map can be obtained.
Usually, the absorption is measured in transmission mode as shown in Figure
4.5.1. That way, the deduced composition at each pixel will be an average
vertically through the sample. However, it is also possible to obtain maps of the
surface composition by measuring the absorption from the electron yield. Watts
et al. used a channeltron in addition to the more regular X-ray detector to
simultaneously measure the bulk and surface composition of a polymer
blend.185
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4.6 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique that
probes the occupied electronic states of a sample. Electrons ejected from the
X-ray illuminated sample are collected and their kinetic energy is measured,
thus giving information about the core-level or valence band from which they
originated. XPS is based on the photoelectric effect186 and the relation between
the electron binding energy EB and the measured kinetic energy EK is given
by187

h  E B    E K

(4.3)

where h is Planck’s constant, ν the photon frequency and ϕ the work function
of the detector in electrical contact with the sample.
A schematic diagram of a typical XPS experiment is shown in Figure 4.6.1. In
contrast to NEXAFS spectroscopy where the photon energy is scanned, XPS
uses a fixed excitation energy and measures the kinetic energies of the emitted
photoelectrons. This is done by an electron energy analyser, often a concentric
hemispherical analyser that uses two concentric hemispheres with a voltage
difference between them. For a given voltage and analyser geometry, the
electrons will move in different trajectories depending on the kinetic energy,
thus enabling the kinetic energy to be measured. Smaller kinetic energy ranges
can simultaneously be measured by a position sensitive detector as the electrons
exit the hemispheres, while larger ranges are measured by sweeping the voltage
difference between the hemispheres. In practice, however, the electrons are
often pre-retarded before entering the analyser to a predetermined kinetic
energy known as the pass energy, so it is instead the retarding voltage that is
swept. The reason for this is to get the same relative energy resolution for all
kinetic energies.174, 187
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Figure 4.6.1. Typical XPS setup. Monochromatic X-rays cause the emission of
photoelectrons whose kinetic energy is measured by an electron energy analyser.

Once the kinetic energies are determined using equation 4.3, the binding
energies of the different core-level and valence band electrons can be obtained.
Since each element has its core levels at unique binding energies XPS allows for
the identification of the elemental constituents at a sample’s surface as well as
their relative concentration. In addition, the binding energy of a core level is
affected by the local chemical environment, giving rise to core-level chemical
shifts. These shifts can be rather large, for example, the difference between the
C1s binding energy in graphite and in carbon dioxide is more than 7 eV.188
Not all electrons leaving a sample illuminated by X-rays are directly ejected
photoelectrons. After a core level electron has been removed from an atom, an
outer shell electron can refill the core level, whereby energy can be released by
the emission of an Auger electron. Since the kinetic energy of an Auger electron
is determined just by the energy level differences in the atom from which it
originated, an Auger peak is easily identified by changing the excitation energy
and observing whether the kinetic energy of the peak changes or not.
Another contribution to an XPS spectrum comes from all the electrons that on
their way out of the sample lose energy to inelastic scattering. A photoelectron
originating from an atom deeper within the sample than the inelastic mean free
path is likely to interact inelastically with its surroundings and, apart from losing
kinetic energy itself, also produce a cascade of secondary electrons. These
electrons will contribute to a background signal; and since electrons with kinetic
energy of a few eV have comparably long inelastic mean free paths, the low
kinetic energy range of an XPS spectrum is dominated by secondary electrons.
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4.7 Kelvin probe
First developed in 1898 by Lord Kelvin,189 the Kelvin probe measures the work
function of metals or semiconductors. Unlike many other techniques used to
measure work functions, the Kelvin probe is completely nondestructive and
does not require the use of high temperature, strong electric fields or beams of
photons or electrons.190
When two conductive materials become electrically connected, electrons will
flow from the low work function material to the high work function material in
order to align the Fermi levels. As a result, the low work function material
becomes positively charged and the other negatively charged. The potential
difference between them, called the contact potential difference VCPD, is related
to the work function difference between the two materials by191, 192
VCPD 

 2  1
e

(4.5)

where ϕ1 and ϕ2 are the work functions of the two materials and e the electron
charge.
In order to measure the contact potential difference, the two materials are
placed to form the plates of a parallel plate capacitor. When electrically
connected, the plates will be charged. Changing the distance between the plates
changes the capacitance which in turn causes a current to flow. Hence, by
making one of the materials vibrate at a certain frequency, an alternating current
is generated. If an external voltage is applied and varied until the current
vanishes, the external voltage will be equal in magnitude and opposite in
polarity to the contact potential difference.190, 192 If the work function of one of
the materials is known, it is then straightforward to calculate the work function
of the other using equation 4.5.
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Figure 4.7.1. Energy diagram for two materials, illustrating the principle of the Kelvin probe.
As two conducting materials with different work functions (a) are brought into electrical
contact (b), electrons will flow from the low work function material to the high work function
material until the Fermi levels are aligned, thus building up a contact potential difference VCPD.
By applying an external voltage (c) equal to VCPD, the surface charges vanish.
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4.8 Electron microscopy
The resolution of an optical microscope is ultimately limited by the wavelength
of the imaging light.193 Consequently, visible light cannot be used to resolve
objects on the nanometer-scale; instead light with a much shorter wavelength
would be needed. X-rays have sufficiently short wavelength and therefore meet
this requirement. One type of X-ray microscopy, STXM, is described in section
4.5. Another alternative is to use electrons in microscopes instead of light.
In 1924, de Broglie postulated the wave properties of electrons, 194 which was
confirmed experimentally in 1927.195, 196 At almost the same time, in 1926,
Busch had found that an electron beam can be focused by magnetic fields in a
manner similar to how light can be focused by optical lenses.197 Only a few
years later, in 1931, the first electron microscope was constructed by Ruska and
Knoll.198
The wavelength λ of an electron with kinetic energy EK is given by



h
2me E K

(4.4)

where h is Planck’s constant and me the electron mass.
Even at electron energies as low as a few ten eV, the electron wavelength is
three orders of magnitude shorter than the wavelength of visible light. Thus it is
clear that electron microscopy, just like X-ray microscopy, is capable of imaging
at significantly higher spatial resolution than visible light microscopy. There are
of course several fundamental differences between an electron beam and an Xray beam. Electrons, unlike X-rays, are deflected by electromagnetic fields,
which makes focusing an electron beam much more straightforward than
focusing X-rays. Furthermore, the penetration depth of an electron beam,
although varying with the kinetic energy of the electrons,199 is much lower than
for X-rays. Consequently, surface sensitive measurements are more easily
carried out using electron microscopy than for X-ray microscopy, while
measurements in transmission mode on samples thicker than a few hundred
nanometers are more suitable for X-ray microscopy.200 Two of the most
common types of electron microscopes, the scanning electron microscope
(SEM) and the transmission electron microscope (TEM) are described in
section 4.8.1 and 4.8.2 respectively.
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4.8.1 Scanning electron microscopy
In an SEM, electrons from an electron gun are accelerated, usually to energies
on the order of 1 - 10 keV, and focused onto the sample by a series of
electromagnetic lenses. An image is obtained point by point as the electron
beam is raster scanned across the sample. The electrons interact with the
sample in various ways, producing different signals that contain information
about the sample. These interactions are summarized below in Figure 4.8.1.

Figure 4.8.1. Schematic illustration of the most important electron beam-sample interaction
processes in an SEM, showing the outer boundaries of the volumes from which different
signals can escape the sample.

As the primary electron beam hits the sample, the electrons will undergo elastic
as well as inelastic scattering. The primary electrons will gradually lose energy by
the inelastic scattering events and can reach a distance into the sample ranging
from a few ten nanometers up to ten micrometers, depending on the energy of
the primary electrons and on the atomic number and density of the sample
material.201 The volume that the primary electrons can reach is known as the
interaction volume. From within the interaction volume, several different
signals, including backscattered electrons, secondary electrons, Auger electrons,
characteristic X-rays, Bremsstrahlung and secondary fluorescence originate. The
resolution is limited by the size of the electron beam as it hits the sample
surface and by the interaction volume of the signal that is being recorded. A
typical resolution when detecting secondary electrons is 1 - 10 nm.201
Some primary electrons undergo multiple scattering events at large angles and
are able to escape through the sample surface. Such electrons are called
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backscattered electrons and include, by convention, electrons that have energy
above 50 eV.201 Of course, all electrons leaving the sample with energies above
50 eV need not necessarily be backscattered electrons. Secondary electrons with
energies above 50 eV exist, as do backscattered electrons with energies below
50 eV. Nevertheless, the 50 eV threshold for the definition of backscattered
electrons is generally considered to be a good approximation.202 The relative
amount of backscattered electrons depends on the atomic number of the
sample, hence backscattered electrons can give elemental contrast.
The energy lost by an electron that undergoes inelastic scattering can eject
electrons that are bound to atoms in the sample, creating cascades of secondary
electrons. Since most of the secondary electrons have a low energy, typically a
few eV,201 only secondary electrons originating from close to the sample surface
will have a good chance to escape. Therefore secondary electrons provide a
surface sensitive signal. Since the escape depth for secondary electrons is small,
on the order of a few nanometers,201 the number of secondary electrons leaving
the surface depends on the angle between the primary beam and the sample
surface. If the surface is tilted so that the primary beam hits at a grazing angle, a
larger number of secondary electrons will be emitted than if the primary beam
hits the sample at normal incidence. This gives rise to topographical contrast
when imaging using secondary electrons. Furthermore, secondary electrons
from parts of the sample surface that do not have line of sight to the detector
will not be effectively detected, giving rise to a shadow effect in the image, as if
the sample were illuminated from the position of the detector.
Following an inelastic scattering event in which an electron from the core level
of an atom is removed, energy can be released when an outer shell electron fills
the vacant core level. Characteristic X-rays and Auger electrons can be emitted
this way and both give chemical information about the sample. The signal from
the Auger electrons is very surface sensitive, while the characteristic X-rays can
originate from much deeper within the sample. In contrast to Auger electrons,
the volume from which the characteristic X-rays can originate is not limited by
their mean free path in the sample, but rather by the volume that the primary
electrons can reach while still having enough remaining kinetic energy to eject a
core level electron. However, if more than one type of atom is present in the
sample, it is possible for the characteristic X-rays of one element to ionize
another element, which then emits X-rays of its own; this is called secondary
fluorescence and can be emitted from outside the volume reached by the
primary electrons. The volume that can be reached by the primary electrons,
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but in which they have lost too much energy to be able to produce
characteristic X-rays, can still produce Bremsstrahlung.
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4.8.2 Transmission electron microscopy
TEMs operate at higher electron energies than SEMs, typically at a few hundred
keV. The operational principle of a TEM is analogous to that of a conventional
optical microscope. The electron beam is focused onto a very thin sample,
preferably no thicker than a few hundred nanometers, that is placed between
the electron source and a detector. When passing through the sample, the beam
has been made as parallel as possible and broad enough to cover the area of
interest. The transmitted electron beam then passes another set of
electromagnetic lenses and a magnified image is projected onto the detector. It
is also possible to run a TEM in a scanning probe mode where the electron
beam is focused into a very small spot and raster scanned across the sample
while recording the transmitted electron intensity, building the image point by
point. The spatial resolution that can be obtained in TEM is very high, with
resolutions below 0.5 Å having been reported.203
Image contrast in TEM is due to the interactions between the electron beam
and the sample. In crystalline samples, diffracted electrons can be specifically
selected or excluded by the use of apertures to give images with diffraction
contrast. Amorphous materials can be imaged as well since thickness and
density differences also give contrast; areas of the sample that are thick or
contain dense materials will scatter electrons more and will appear dark in the
TEM image. In polymer:fullerene solar cells, it is the density difference between
the fullerenes and the conjugated polymers that allows the two materials to be
easily discernable, and consequently TEM is a widespread tool to characterize
such films.204 Problems do arise, however, when trying to use TEM to image
the active layer of polymer:polymer solar cells since there may not be any
appreciable density difference between two conjugated polymers that will give
contrast in the TEM image. There are however, means by which also chemical
contrast can be obtained in TEM.
Since the kinetic energy range of the primary electron beam in the TEM can be
narrow, it is possible measure the energy lost in the inelastic scattering events
by detecting and measuring the kinetic energy of electrons that have been
involved in such events. This technique is known as electron energy loss
spectroscopy (EELS). Since the inelastic interactions between the primary
electrons and the sample atoms include inner shell ionizations, an EELS
spectrum contains chemical information. The presence of an element can thus
be detected by a corresponding ionization edge in the EELS spectrum. Apart
from just elemental composition, it is also possible to look closer at the
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ionization edge and study the fine structure to gain information about bonding,
and thus obtaining a molecular fingerprint.205-207 In that sense, EELS shares
similarities with NEXAFS spectroscopy as both techniques measure the
unoccupied electronic states by core excitations. Just as NEXAFS spectroscopy
can be used for imaging with chemical contrast with STXM, so can also EELS
be used in combination with TEM. There are however some differences
between STXM and TEM-EELS. While the spatial resolution for TEM is two
orders of magnitude higher than for STXM, the energy resolution for STXM is
higher.208 Furthermore, the radiation damage is about 100 – 1000 times higher
for TEM-EELS than for STXM since a large part of the electron energy losses
are damaging the sample.207, 208 Also only a small fraction of those electron
energy losses are detectable, whereas every photon absorption event in STXM
is detectable.
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Chapter 5
Introduction to the papers
Paper I
In this paper, the effect of the choice of solvent and the use of the additive
chloronaphthalene in the coating process on the morphology of thin films of
TQ1:PC70BM blends is studied. The lateral morphology of the active layer of
the solar cell was probed by AFM and STXM, the vertical morphology by SIMS
and ellipsometry, and the surface composition by NEXAFS spectroscopy. The
results show lateral phase-separated domains in films spin-coated from single
solvents, with PC70BM rich islands surrounded by a TQ1 rich phase. The lateral
domain size increases with increasing solvent vapour pressure and decreasing
PC70BM solubility. When small amounts of chloronaphthalene are added to the
coating solution no such lateral domains are observed. At the surface of the
film a strongly TQ1-enriched layer is found in all TQ1:PC70BM blends,
rationalized by surface energy differences between TQ1 and PC70BM. The
influence of the active layer morphology on the solar cell performance is also
studied. The addition of chloronaphthalene strongly improves the photocurrent
and power conversion efficiency, correlated to finer lateral domain sizes and
higher TQ1-enrichment at the cathode interface. Neither the open-circuit
voltage nor the series resistance of the devices are sensitive to the differences in
morphology. This indicates that the TQ1 enriched surface layer does not hinder
charge transport and collection.

Paper II
In this paper, the photo-degradation of a TQ1:PCBM blend is studied. Changes
to the electronic structure of TQ1 and PCBM caused by illumination of films in
ambient air are investigated and the photo-degradation in pristine materials and
the blend are compared. The effect of the photo-degradation on the solar cell
performance is also studied. NEXAFS spectroscopy shows that the unoccupied
molecular orbitals of TQ1 are not significantly affected, while those of PCBM
are severely degraded in pristine films. PCBM blended with TQ1 is found to
degrade even faster than pristine PCBM. The occupied molecular orbitals of
TQ1 exhibit changes upon light exposure, seen in the valence band spectrum,
and photo-bleaching of TQ1 is observed. Solar cells in which the active layer
has been exposed to light in air before depositing the top electrode show a
greatly reduced performance. The photo-bleaching of TQ1 is not large enough
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to explain these losses, which are mainly attributed to the PCBM degradation at
the surface of the active layer.

Paper III
In this manuscript, the use of solution processed NiOx thin films as the hole
transport layer in TQ1:PC70BM solar cells is studied. The NiOx films are
prepared without the need for high temperature annealing, by partially or even
completely replacing the annealing step with exposure to UV-ozone. The NiOx
films produced this way outperform PEDOT:PSS. The power conversion
efficiency improves from 5.3% to 6.1% when replacing PEDOT:PSS with
NiOx, mainly as a result of an increased fill factor. The chemical composition of
the NiOx is investigated by XPS and is compared to NiOx thin films produced
by conventional high temperature annealing. While high temperature annealing
produces NiO, the UV-ozone treatment leads to the formation of a mixture of
oxides and hydroxides. Contact potential difference measurements reveal an
increased work function for all UV-ozone treated NiOx films, consistent with
the presence of NiOOH at the surface. The use of the high work function UVozone treated NiOx films improves the energy level matching between the
donor and the hole transport layer, resulting in an improved hole injection and
enhanced solar cell efficiency.

Paper IV
In this manuscript, the possibilities and some of the challenges in using
NEXAFS spectroscopy and STXM for characterization of blend films for
organic photovoltaics are treated. Quantitative determination of the local
chemical composition requires careful use of fitting techniques, as well as
suitable sample preparation and handling. For microscopy studies in
transmission mode, the films are typically floated off from PEDOT:PSS-coated
substrates onto water and then collected on Cu grids. Here, drop-like clusters,
~1 µm in diameter are observed at the bottom of the films. STXM confirms
that the clusters consist of nearly pure PC 70BM. In films spincoated directly
onto PEDOT:PSS-covered Si3N4 membranes, such clusters are not observed.
The PC70BM clusters are therefore formed during transfer of the films onto Cu
grids, showing that contact with water can modify the film and influence the
composition in polymer:fullerene blend films. It is also demonstrated how the
formation of these drop-like clusters of PC70BM leads to an underestimation of
PC70BM/polymer concentration ratios. Finally, it is shown that selective
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degradation of one of the blend components can impair accurate determination
of the local blend composition.

Paper V
In this manuscript the rapid initial photo-degradation of the electrical
performance, the so-called burn-in, is studied in encapsulated
PCDTBT:PC70BM solar cells. Solar cells using PEDOT:PSS as the hole
transport material exhibit a rapid drop in VOC of around 100 mV during the
first sun-hours of illumination. This VOC drop occurs both when the solar cells
are exposed to light with and without a UV-component and also for light
intensities between 1 sun and 100 suns. As the VOC drops, the shape of the JVcurve is maintained as it is shifted towards lower voltages. By replacing the
PEDOTS:PSS with MoO3, the initial loss in VOC is significantly reduced, thus
showing that the VOC loss is directly related to the PEDOT:PSS. With the help
of numerical drift-diffusion simulations, the origin of this effect is further
analysed. Several mechanisms that previously have been suggested as the origin
of the burn-in are investigated, and their validity for this specific case is
discussed.
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Chapter 6
Conclusions
The work presented in this thesis shows how the active layer morphology, the
choice of hole transport layer material, the photo-degradation of the active layer
components and the electrical performance of polymer solar cells are related to
one another.
Being able to control the nanostructure is of great importance for producing
efficient polymer solar cells. The results in this thesis demonstrate how, for
TQ1:PC70BM blends, the solution formulation can influence the active layer
morphology and how that, in turn, affects the solar cell performance. The
laterally phase-separated structures are chemically identified using STXM,
showing that PC70BM-rich islands are surrounded by a TQ1-rich phase. The
TQ1-enrichment found at the surface of the active layer does not appear to
hinder charge transport and collection.
In order to correctly determine the local composition in polymer:fullerene
blend films by soft X-ray spectroscopy techniques, care has to be taken so that
the fitting technique, sample preparation and handling do not influence the
results. Direct contact between the film and water, as is common when
transferring films to Cu grids for TEM or STXM analysis, can lead to the
formation of micrometer-sized fullerene clusters. Exposure to light in air causes
selective degradation of PCBM which can lead to an underestimation of the
PCBM content in the film.
The photo-degradation of a TQ1:PCBM blend in air and its effect on the solar
cell performance is also studied. It is shown that PCBM degrades faster in the
blend film than in a pristine film rationalized by the higher light absorption and
subsequent electron transfer by TQ1, and the reduced solar cell performance is
mainly attributed to the PCBM degradation.
Solution processed NiOx films, prepared by UV-ozone treatment without need
for high temperature annealing, can be used as the hole transport layer in
polymer solar cells and outperform the commonly used PEDOT:PSS. The
efficiency improves mainly as a result of an increased fill factor, which is due to
the higher work function of UV-ozone treated NiOx films, which improves the
energy level matching between the donor and the hole transport layer and
results in an improved hole injection.
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The rapid initial photo-degradation of the electrical performance of
encapsulated PCDTBT:PC70BM solar cells was found to be directly related to
the PEDOT:PSS hole transporting layer. By replacing the PEDOT:PSS with
MoO3, the initial degradation was greatly reduced. Using drift-diffusion
simulations, the origin of this effect was further analysed and previously
suggested mechanisms were investigated.
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Materials and Device Engineering for
Efficient and Stable Polymer Solar Cells
With the increasing global demand for energy, solar cells provide a clean
method for converting the abundant sunlight to electricity. Polymer solar cells
can be made from a large variety of light-harvesting and electrically conducting
molecules and are inexpensive to produce. They have additional advantages, like
their mechanical flexibility and low weight, which opens opportunities for novel
applications. In order for polymer solar cells to be more competitive, however,
both the power conversion efficiencies and lifetimes need to further improve.
One way to achieve this is to optimize the morphology of the active layer. The
active layer of a polymer solar cell consists of electron donating and electron
accepting molecules whose distribution in the bulk of the film is a major factor
that determines the solar cell performance.
This thesis presents the use of complementary spectroscopy and microscopy
methods to probe the local composition in the active layer of polymer solar cells.
The stability of the active layer is studied and the interplay between the photodegradation of the donor and acceptor molecules is investigated. Additionally,
this thesis addresses how the interfacial layers between the active layer and the
electrodes can influence device performance and stability.
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