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Abstract

Polymer solar cells (PSC) have reached record power conversion
efficiencies of over 15%. The operational lifetime of PSCs, however, has
to increase for their use in large area outdoor applications. In this work,
a set of spectroscopic techniques (UV-vis, FTIR, NEXAFS, XPS) was
used to study the impact of exposure to light and air (photo-oxidation)
on the photoactive layer and its components. We focused on the
electron acceptor components: the fullerene derivatives, PCsoBM and
PC,0BM, and the polymer N2200. A comparative study of photo-
oxidized PCsoBM and PC,0BM thin films by UV-vis and FTIR
spectroscopy has shown that both materials undergo similar
photochemical transformation, with the process being faster in
PCsoBM, due to the greater curvature of the Ceo cage. Comparing
experimental FTIR, XPS and NEXAFS spectra of the photo-oxidized
PCsoBM thin films with the calculated spectra for a large variety of
photo-oxidation products, it was found that dicarbonyl and anhydride
groups attach to the Cso cage during photo-oxidation. The study of
photo-oxidized TQ1:PC,o0BM blend films by spectroscopic and J-V
measurements shows that deterioration of the charge transport in
PC,0BM is the major contributor to the device performance
degradation. Kelvin Probe measurements demonstrated that the
charge transport deterioration was due to upward band bending and
gap states being formed on the surface of photo-oxidized PC,,BM. The
TQ1:PC,0BM blends films were further studied by AFM-IR in order to
determine the lateral distribution of pristine components, as well as the
photo-oxidation products. It was found that anhydride oxidation
products of PC,0BM are equally distributed over the blend film surface.
The PC,0BM is replaced with the polymer N2200 in the blend with TQ1.
The photostability in air of the blend and its pristine components was
studied by UV-vis and FTIR spectroscopy. The spectra show that
thermal annealing improves the photostability in air of both
components.
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Chapter 1: Introduction

1.1 Historical overview

Since the First Industrial revolution in the late 18t century, the
conversion of natural resources, primarily fossil fuels, into electricity
has had a significant impact on our civilization. With even faster
industrialization during the 20t century, it has been estimated that the
fossil fuel reserves will be depleted within the next hundred years.:2
Even more concerning issue are the anthropogenic effects on the
climate change and the ecosystem3-5, emphasizing the transition to
renewable, environmentally friendly energy sources as a necessary
solution. While wind and hydropower have been extensively
implemented and used over the last two decades®, the application of
photovoltaic (PV) energy systems offers several advantages. They use a
long-term source — sunlight. The solar panels are a practical off-grid
solution in areas where energy distribution infrastructure is
unavailable or difficult to deploy.7:8

Several PV technologies are available among the renewable energy
sources. Traditionally, silicon-based PV cells (15t generation PVs) have
dominated the market since their commercialization in the 1960s.
Recent progress in this PV technology has led to 26% and 22%
efficiencies for single-crystalline and multi-crystalline silicon-based
materials, respectively.9 The silicon-based PV modules, while being
cheap with a price falling below 0.02 USD/kWh, still have a significant
carbon footprint, due to the required high temperature required for
processing, purification, and crystallization of the raw material.6-20.12
In the 2m generation PVs, three new structures were introduced:
cadmium telluride (CdTe), copper-indium-gallium-selenium (CIGS),
and amorphous silicon (a-Si), with record efficiencies of 23%, 21% and
12%, respectively.? These structures use less material due to the thin
film deposition, and were the first PVs to be deposited on flexible
substrates. However, in the case of CdTe and CIGS solar cells, thinner
films are somewhat offset by the usage of materials which are not as
abundant as silicon (tellurium and indium).:2

Solar cells based on organic molecules and halide perovskites belong to
the 34 generation PVs. The latter are currently the fastest developing



PV technologies, with certified efficiencies of 12%, in 2013, to
impressive 25% in 2018.133 Perovskite solar cells, however, are
struggling with instability and environmental issues, as they are based
on lead and the research is focused on finding a proper lead
substitute.4

Polymer solar cells (PSC) are an interesting alternative to the
aforementioned technologies for several reasons. They are based on
semiconducting polymers, which can be synthesized and processed at
room temperature, or at least at temperatures significantly lower than
those for inorganic materials (~100°C for polymer synthesis as
opposed to 900 — 1000°C for silicon, 500 — 600°C for CdTe).1s
Polymers, and accompanying fullerene derivatives, are solution
processable, allowing the storage of these materials in ink form.
Semiconducting polymers, in particular, have high absorption
coefficients, so light absorption can be achieved with very thin films, in
the thickness range 100 — 200 nm!. Thicker films will absorb more
light, but at the expense of increased loss in charge transport due to
charge recombination.16:17

Solution processing and thin film deposition allows the application of
roll-to-roll printing techniques adapted from the paper printing
industry.’819 As a result, low weight, mechanically flexible, large area
PSC modules can be manufactured at low cost, providing a mobile
source of renewable electric energy. PSC modules could be integrated
with existing infrastructure, such as building windows, but also on a
smaller scale as power supplies in autonomous sensor units and small
electronics, as it has been shown they can operate in low illumination
conditions, such as indoor light.20-22

With a recent record values for the power conversion efficiency of over
15%23, PSC devices can become competitive with conventional
technologies in terms of price per unit power.24.25

I This is about 1000 times thinner than a single human hair.
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1.2 Challenges for PSC devices

One of the main challenges which inhibits faster and wider
commercialization of PSC devices is their stability.2¢ Under protective
laboratory conditions (storage, operation and testing in inert nitrogen
atmosphere), the extrapolated lifetime of PSC devices has been shown
to be up to 10-12 years.27:28 Qutdoor tests have, however, shown that
the lifetime of large area panels is roughly 1-2 years.29:30

A polymer solar cell is a device made of a photoactive layer, stacked
between two electrodes of different materials, which are all sensitive to
both internal influences, due interfacial reactions between materials,
and external influences, such as heat, light, oxygen, moisture and
mechanical stresses.30-32

Aluminium and indium tin oxide (ITO) are commonly used as the
electrodes in PSC devices. ITO is often coated with poly(3,4-ethylene
dioxythiophene)/poly(styrene sulfonate) (PEDOT:PSS), which has
several roles: it adjusts the work function of ITO to higher value to
improve charge collection, and it smoothens the rough ITO surface.33
PEDOT:PSS is prone to the water vapour uptake, so the PSS unit can
develop an acidic compound, which etches the ITO under it. It has been
demonstrated that clusters of indium may even migrate to other layers
of the PSC device.33:34 Several transitional metal oxides have been
proposed to replace PEDOT:PSS. These were thermally evaporated at
first, but more recently several solution-deposited oxides have been
reported as both electron transport and hole transport materials.35-38
As a replacement for ITO, solution-processed metal-doped zinc
oxides3949 and graphene-based materials4* are investigated.
Aluminium will oxidize, leading to a loss of electrical conductivity.

Encapsulation with a transparent sealant can reduce the uptake of
atmospheric compounds, namely water vapour and oxygen. If it is to
be used also as a supporting substrate in the roll-to-roll printed PSC
modules, the sealant has to be resistant to aggressive chemicals,
mechanically flexible and light weight in order to ensure modules’ easy
transport and deployment. Poly(ethyl benzene-1,4-dicarboxylate)



(PET) has been commonly used as sealant, but there are a few
promising alternatives such as polyisobutylene (PIB).4243 In spite of
the progress in the encapsulation materials’ research, it is vital to
understand the impact of potential oxygen and moisture leak-in on the
PSC devices and their individual components. Better understanding of
how chemical processes negatively impact the optical and electronic
properties of materials can lead to possible solutions of modifying
existing, or synthesize new, more stable materials.

While the search for more stable electrode and charge transport
materials is ongoing, the greatest challenge to the PSC stability lies
within the photoactive layer, sandwiched between the two electrodes.
The photoactive layer consists of two materials, an electron donor
polymer, which also commonly takes the main role as a light absorber,
and an electron acceptor molecule, either a fullerene derivative,
another polymer or non-fullerene small molecules. While efficiencies
over 10% for polymer/fullerene OPV devices have been reached4#4,
several studies have indicated that the degradation of devices is linked
to the degradation of the electrical and chemical properties of the
fullerene acceptor upon the exposure of these devices simultaneously
to oxygen and light.45-51 Also, in the absence of atmospheric
compounds, fullerenes were found to dimerise upon exposure to light
or heat.52-59 Both dimerization and oxidation disrupt the chemical
bonding, i.e. the alternating single bond — double bond character or the
conjugation, which is necessary for (semi)conducting properties of the
fullerene derivative. Given their inherent instability, poor absorption
in the visible range and expensive synthesis, fullerene derivatives are
being replaced with alternative electron acceptor materials, such as
small molecules®o-6t based on indaceno dithiophene (IDT), indaceno
dithienothiophene (IDTT), and perlyene diimide (PDI), and
polymers®2-64 based on naphthalene diimide (NDI).

The vulnerability of active layer components to light and air exposure
(i.e. photo-oxidation) is one of the main challenges towards durable
and efficient PSC devices. The aim of the work in this thesis was to
investigate how the photo-oxidation affects the optical and chemical
properties of the active layer components, particularly the electron
acceptor materials, as well as the electrical performance of PSC devices

4



based on those active layers. By relating the changes in materials’
properties to the device performance, this work attempts to establish
which processes in the PSC devices, from light absorption to electric
current generation, are hindered by the photo-oxidation.
Understanding this material degradation — device degradation link
would lead to a better understanding of degradation processes, but
could also provide insights towards improving the stability of the
materials and the devices.

Spectroscopic methods were employed to investigate changes in the
chemical and optical properties of electron donor and acceptor
materials upon photo-oxidation. The electrical measurements were
performed to investigate the impact of the photo-oxidation of the
photoactive layer on the PSC device performance, and the results were
combined with the spectroscopic data to determine which processes,
from light absorption to electrical current extraction, are hindered by
the materials’ instability. Furthermore, a comparison of photochemical
stability of two electron acceptor materials, two fullerene derivatives
and a polymer, is made. Synchrotron-based spectroscopic techniques
are employed with the aim of determining the nature of the photo-
oxidation products of a fullerene derivative.

The thesis is structured in the following way: Chapter 2 discusses the
background of semiconducting polymers and physical processes that
govern the light-to-current conversion in organic solar cells, Chapter 3
gives a brief description of the organic semiconducting materials
studied in this work, Chapter 4 describes the experimental methods
used in this work, Chapter 5 consists of a summary of the papers
included in this thesis, followed by the conclusions in Chapter 6.

The majority of experimental work was done at the Department of
Engineering and Physics at Karlstad University, Sweden. NEXAFS
measurements were performed at the Swedish national synchrotron
facility MAX IV in Lund, Sweden, the Swiss Light Source at the Paul
Scherrer Institute in Villigen, Switzerland, and the National
Synchrotron Radiation Centre SOLARIS in Krakéw, Poland. Kelvin
Probe measurements and Surface Photovoltage Spectroscopy were
performed by Prof. Ellen Moons and Dr. Igal Levine, respectively, at
the Weizmann Institute of Science in Rehovot, Israel. For the



spectroscopic studies on the fullerene derivative PCsoBM, theoretical
calculations were performed by Dr. Barbara Brena at the Department
of Physics and Astronomy at Uppsala University, Sweden, and Dr. Iulia
Brumboiu at the Royal Institute of Technology (KTH) in Stockholm,
Sweden, and presently on a post-doctoral stay at the Korea Advanced
Institute of Science and Technology in Daejeon, South Korea.



Chapter 2: Organic solar cells

2.1 Conjugated polymers and organic semiconductors

Among organic semiconductors used in solar cells, there are two
classes of materials: small molecules and polymers. Small molecule-
based solar cells were originally fabricated by vacuum deposition
methods. Even though recent progress has led to solution processing
alternatives, the non-fullerene acceptor (NFA) small molecule-based
solar cells are still falling behind their polymer-based counterparts in
efficiency, mainly due to the difficulties in charge transport and
morphology control of NFA small molecule blends.%5

Many polymers, whether naturally occurring, such as cellulose, or
synthesized ones, such as PET, are classified as insulating materials.
This insulating character comes from the characteristic chemical
bonding in the polymer chains, i.e. single o bonds between the carbon
atoms. Due to this, electrons are strongly bound to their host atoms and
localized, not allowing them any movement alongthe polymer chain. In
contrast, (semi)conductive polymers have a bond structure that is
comprised of alternating single and double bonds, forming a conjugated
system.

In each carbon atom, there are four valence electrons in the 2s22p?
configuration. The 2s and one of the 2p electrons form sp2 hybrid
orbitals due to the overlap of their respective wave functions. These
form three o bonds and the corresponding o* antibonds with
neighbouring atoms. The three o bonds spread in a shared plane, with
an angle of 120° between them.©

p orbital ~

sp2? hybridized
orbital

Figure 2.1 Formation of the double carbon-carbon bonds.



The fourth electron is located in 2p orbital perpendicular to the plane
formed by the three o bonds, hence often designated as p,. If the two
carbon atoms are close enough, two p, orbitals on neighbouring carbons
will form a m bond, leading to the formation of the second bond
between the two carbon atoms (C=C), as shown in Figure 2.1. While the
electrons in o molecular bonds are strongly bound and form the
backbone of the polymer chain, the electrons in m bonds can be
delocalized upon excitation and move between the monomer units. As
the polymer chains form an organic solid through Van der Waals
interactions, formerly individual bonding o and m molecular orbitals
and antibonding o* and m* orbitals begin to overlap. Due to this
overlap, the corresponding energy levels split, leading to the formation
of energy bands (Figure 2.2), analogous to the bands in inorganic
semiconductors. The molecular bands are not continuous, as the Van
der Waals interactions between the monomer units are too weak for
such formation. Of particular interest are the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), which correspond to the valence and conduction band,
respectively. The energy difference between HOMO and LUMO defines
the bandgap E; of the given material. The bandgap Eg is dependent on
the effective conjugation length — the distance over which 7t electrons
delocalize, and is shorter than the physical length of a polymer chain.
As the effective conjugation length of the polymer increases, the
bandgap Eg decreases, due to the wave function overlap and split of
energy levels of adjacent molecules.16:66

.

HOMO

Figure 2.2 The schematic of electronic structure formation: from two sp? hybridized
carbon atoms, to a molecule, to a conjugated chain, to an organic solid.



As discussed in Section 2.2, two materials with different HOMO and
LUMO are required in the organic solar cells. Materials with a higher
LUMO will be defined as the electron donor, and materials with a lower
LUMO will be defined as the electron acceptor.

2.2 Physics of polymer solar cells

Polymer solar cells are multi-layered semiconductor devices (Figure
2.3), consisting of a photoactive layer, sandwiched between two
electrodes. One electrode is semi-transparent and a commonly used
material is indium tin oxide (ITO), an alloy of In.O5 and SnO.. On top
of the ITO, PEDOT:PSS or other materials with high work function,
such as transitional metal oxides (e.g. molybdenum oxide — MoOx%7,
vanadium oxide — V.0y%8, nickel oxide - NiOx37), are coated to facilitate
the extraction of holes from the donor material into the ITO.33:34 The
other electrode is a low work function material, most commonly
aluminium with a thin layer of lithium fluoride (LiF), which facilitates
the extraction of electrons from the acceptor material.69-7°

Bectonvanportiger @)} 1-5n

Photoactive layer } 100 - 200 nm

Hole transport layer (HTL) } 10-100 nm

| Bottom electrode | }+100-150 nm
Transparent substrate } ~1um

Figure 2.3 Illustration of the layered structure of organic solar cells with typical thickness
ranges of each layer.

When the light is absorbed by an organic semiconductor, an electron is
promoted from the HOMO, where it leaves a hole behind, to the LUMO
(Figure 2.4a). Both are still bound by Coulomb forces, forming an
electron-hole pair, or an exciton. Due to the low dielectric permittivity



in organic semiconductors (¢ = 3 — 4) and the fact that the exciton is
spatially confined to an individual conjugated segment of the molecule,
the exciton binding energy in the organic semiconductors is high, in the
range 0.4 — 1 eV,7%72 as compared to their inorganic counterparts. The
thermal energy kg7 at room temperature (~25 mV) is insufficient to
promote the exciton dissociation in organic semiconductors.73.74

To ensure the exciton dissociation (i.e. charge separation), an energy
level offset is needed. Two materials have to be introduced, and
electron donor and an electron acceptor, each with different positions
of HOMO and LUMO (Fig. 2.4b). The energy offset between the
LUMOs of electron donor and electron acceptor must be greater than
the exciton binding energy for charge separation to occur. Excitons can
diffuse over the distance of 5-10 nm before they recombine.?57¢ This
distance defines the exciton diffusion length, and sets the limit how
close the donor/acceptor interface should be to the exciton generation
site. If the exciton is generated further away from the donor/acceptor
interface, the electron and hole may recombine before reaching the
interface. This type of recombination is called geminate
recombination.”’

Once the electron is transferred from the donor LUMO to the acceptor
LUMO, it is still bound to the hole (which remains in the donor HOMO)
in a charge transfer (CT) state, but not as tightly as in the exciton state.
This allows for the CT state to separate into free charges (Figure 2.4b).
The free charges are then transported away, electrons through the
acceptor LUMO towards the cathode and holes through the donor
HOMO towards the anode, under the influence of an internal electric
field (Figure 2.4c). The internal electric field originates from the
difference in the electrodes’ work functions, defined as the built-in
potential:78

Vbi _ d)cathodee_ d)anode (21)

During the transport from the donor/acceptor interface to the
respective electrode, free charge may recombine with an opposite
charge or be trapped. The traps may be induced by energetic disorder,
chemical impurities or structural defects. The recombination of free
charges, regardless of the cause, is called non-geminate
recombination.”
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Figure 2.4 Energy diagram model of steps occurring during the photovoltaic effect, under
short circuit conditions, in organic solar cells: a) light absorption and exciton
generation, followed by exciton diffusion to the donor/acceptor (D/A) interface; b)
transfer of electron from donor LUMO to acceptor LUMO and exciton dissociation;
¢) charge transport from donor/acceptor interface to the respective electrodes; d)
charge collection. Black circle represents an electron, white circle represents a hole.
Ouval encirclement indicates the electron-hole pair.

Charge collection, i.e. the transfer of charges from the photoactive layer
to the respective electrode, is the final step in photocurrent extraction.
The charge collection is most efficient when the acceptor LUMO and
donor HOMO match the Fermi level of the cathode and anode,
respectively, in such a way to form an ohmic contact at the photoactive
layer/electrode interface when charges are being extracted (Figure
2.4d). As the aforementioned match is not frequently achieved,
additional interlayers are inserted. These interlayers serve to modify
the work function of the electrode to match the LUMO or the HOMO
of the organic semiconductor, reduce contact (series) resistance, and
modify the wettability of the surfaces.8¢ Due to the bulk heterojunction
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morphology (discussed in Section 2.3) of the photoactive layer, both
donor and acceptor components are usually in direct contact with both
electrodes, so these interlayers also serve to promote (or block) one
type of charge. Depending on the charge type, they are categorized as a
hole transport layer (HTL) or electron transport layers (ETL).

2.3 Morphology of the active layer of organic solar cells

Although the alignment of HOMO and LUMO levels at the
donor/acceptor interface is important for exciton diffusion and
dissociation into free charges, the microstructure (morphology) of the
photoactive layer influences the free charge transport from the
donor/acceptor interface to the electrodes.

Initially, the organic solar cell devices featured a bilayer junction
(shown in Figure 2.5a) and essentially mimicked the p-n junction of
inorganic solar cells. C. W. Tang demonstrated first such organic solar
with a bilayer heterojunction in 1986.81

Cathode Cathode Cathode

a)

Anode Anode Anode

Figure 2.5 Structures of photoactive layers in organic solar cells: a) bilayer; b) bulk
heterojunction (BHJ); c) ideal bulk heterojunction.

In such a junction, excitons may recombine if they are generated at the
distance from the donor/acceptor interface that is greater than their
diffusion length. The solution to the exciton diffusion length limit was
introduced in the form of bulk heterojunction (BHJ) interface (shown
in Figure 2.5b), which was demonstrated by Yu et al.82, for organic solar
cells, and by Halls et al.83, for organic photodiodes. The bulk
heterojunction is commonly described as an inter-percolating? or
interpenetrating84 bicontinuous network with a high interfacial area
between the donor and acceptor phases. Such a mixture is more
favourable than the bilayer structure as the probability of exciton
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generation within 10 nm from the donor/acceptor interface is more
probable, and so is the exciton dissociation into free charges.

Ideally, distinctive and highly ordered phases (shown in Figure 2.5¢)
are be preferred. The width of the columns should not exceed exciton
diffusion length.

The formation of the bulk heterojunction, the dispersion of one blend
component in a matrix of another and the phase separation into
domains depend on several of parameters, such as: solubility of donor
and acceptor materials in the selected solvent, solvent boiling point,
usage of solvent additives or co-solvents, polymer molecular weight,
blend component ratio, etc.85-89 These phases are not necessarily pure,
but are rather donor-rich or acceptor-rich.86:90

Upon coating, one can apply solvent or thermal annealing to induce
(re)crystallization of one or both components and facilitate a
favourable microstructure.9192

2.3.1 Spin coating

On the laboratory scale, spin coating is a commonly used method for
photoactive layer deposition as it allows reproducible formation of
uniform thin films. Upon a (hydrophilic) substrate, mounted on a
rotating disk, thin liquid film from the donor/acceptor blend solution
is deposited (Fig. 2.6a). The disk rapidly accelerates to a high angular
speed (500-2000 rpm) and solid thin film begins to form. The
formation of a solid thin film consists of several steps shown in Figure
2.6b-d.

a) b) 9] d)

L > L > L >

Figure 2.6 Illustration of spin coating: a) solution is deposited on a substrate; b) the
substrate is accelerated angularly and excess solution is ejected. c) the remaining
solution radially spreads out over the substrate, while solvent begins to evaporate;
d) the film thickness has reduced due to evaporation, the flow stops and film
solidification begins.
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During the initial angular acceleration, excess solution is ejected (Fig.
2.6b). The remaining liquid film flows radially outwards due to the
liquid’s inertia and the adhesive forces between the liquid and the
substrate, leading to the film thickness reduction. At the same time,
solvent evaporation also contributes to the thickness reduction. As a
result of these contributing processes, the solute concentration and the
film viscosity increase and phase separation may occur (Fig. 2.6¢). In
the final step, the remaining solvent evaporates and viscous forces
prevent further flow, eventually leading to the solidification of the film
(Fig. 2.6d).8593.94
As many mechanisms are involved in the film formation, modelling and
predicting the film thickness and morphology have led to a variety of
experimental®285-87.91 and theoretical95-97 work. It has been established
that the parameters such as initial amount of deposited solution,
deposition rate or total spin time have little effect on the final film
thickness, while angular velocity and solution concentration play a
significant role. Empirically established mathematical relationship
links the final film thickness to angular velocity9s:

h = Cw® (2.2)

where: h — film thickness, w — angular velocity, and C and a are

empirically determined constants which depend on properties of the
solutes, chosen solvent, and substrate.

For industrial production, coating techniques such as doctor blading or
slot die coating are applied.:8
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Chapter 3: Materials

3.1 Polymer TQ1

Poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-
2,5-diyl] (TQ1), an electron donor material, is a conjugated copolymer
comprised of alternating quinoxaline electron acceptor and thiophene
electron donor units, as shown in Figure 3.1. The insertion of
alternating acceptor-donor units along the conjugated polymer
backbone causes a spectral shift in absorption towards the near-IR,
allowing for synthesis of low-bandgap polymers. Furthermore, it has
been shown that the proper choice of donor and acceptor units can
contribute to the reduction of repulsive steric interaction between
neighbouring units, thus contributing to the planar stacking of the
polymer chains and increased m-conjugation length.98:99 Simplified
synthesis of this polymer and introduction to polymer solar cells was
accomplished by Wang et al.z°¢ in 2010. The record power conversion
efficiency of 7% in TQ1:PC,0BM organic solar cells was achieved by Kim
et al.1o1

Figure 3.1. Chemical structure of TQ1.

Several derivatives of this polymer have been synthesized, showing an
increased open circuit voltage!©2, stability against photobleachingos,
and increased overall performance!©4, as compared to the 7% achieved by
Kim et al.>o
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3.2 Polymer N2200

The polymer poly{[N,N’-bis(2-octyldodecyl)-naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)} P(NDI20D-
T2), commonly known as Polyera Activink™ N22005,is an electron
acceptor material, a copolymer consisting of naphthalene diimide
(NDI) acceptor unit and dithiophene donor unit, which both ensure the
geometric planarity of the polymer (Fig. 3.2). It was originally
synthesized for use in organic thin film transistors as n-channel
component. Due to the polymer’s high electron mobility and
considerable stability of N2200-based TFT devices in storage ambient
conditions, the N2200owasintroduced to theusagein polymersolar cells.
High electron mobility has been credited to the lamellar packing of the
N2200 molecular chains.106:107 The degree of stacking can be reduced
by the presence of a second polymer, typically in the blend. The stacking
can be recovered by thermal or solvent annealing of the blend.108-110

C8H17

CioHa

0~ N 0

H21C1O\H

C8H17

Figure 3.2. Chemical structure of N2200.

The power conversion efficiencies of devices based on P3HT:N2200
active layer were poor due to morphological hindrances. With the
development of new polymer donor materials and optimized
morphologies, organic solar cells using this polymer have reached
power conversion efficiencies over 8% and have demonstrated
improved stability, even when processed under ambient conditions.111-113
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3.3 Fullerene derivatives

Fullerenes are allotropes of carbon, consisting of carbon atoms
connected by single and double bonds in a way to form fused rings,
closed into a cage (Fig. 3.3). The cage formation conforms to the
isolated pentagon rule, meaning no two pentagon rings share an edge,
i.e. they are surrounded by hexagons.*4 The smallest possible fullerene
to be formed in that way is Cao.

Fullerene Cso was discovered by Kroto et al.1*5 in 1985, while Hare et
al.16 developed a procedure to separate Cso from C,o, another fullerene.
Due to their high electron affinity?71® and good conductivity!9:120,
fullerenes have been considered a promising material in (organic)
electronics. However, the fullerenes in their original form are not very
soluble in commonly used solvents, so fullerene-based devices were, at
first, made by the thermal evaporation in vacuum.!8 The problem of
low solubility was overcome in 1995, when Hummelen et al.:2
synthesized [6,6]-phenyl-Cso-butyric acid methyl ester (PCsoBM), a Cso
derivative shown in Figure 3.3a.

Figure 3.3. Chemical structure of the fullerene derivatives a) PCsoBM and b) PC,,BM.

Another commonly used derivative is [6,6]-phenyl-C,o-butyric acid
methyl ester (PC,0BM), shown in Figure 3.3b. It has a lower symmetry
compared to the to PCsoBM, which results in the increased absorption
in the visible region?22, thus contributing to a better light harvesting in
polymer/fullerene  active layers and  improved  device
performance.123.124
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In the presence of light or heat, fullerenes and fullerene derivatives are
prone to oxygen take-up from ambient air and can react chemically
with it, which then leads to the breakage of C=C bonds and the
formation of carbonyl structures on the fullerene cage.46:125-128

Power conversion efficiencies over 11% for polymer/fullerene devices
have been reached.’29 The fullerene derivatives suffer from two
drawbacks: expensive synthetization (cca 130 €/g for PCsoBM, cca 600
€/g for PC,0BM) and lower absorption in the visible range.130:131 As
opposed to fullerenes, polymers and small molecules, both electron
acceptor and donor, can be tailored in order to facilitate more suitable
optical and electrical properties.
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Chapter 4: Experimental techniques
4.1 Electrical characterization

4.1.1 Current-voltage measurements

The J-V measurement is the basic method for characterization of solar
cells. It is performed by shining light on the device and measuring the
current I or current density J at a given applied voltage V. The J-V
characterization of solar cells is also performed in the absence of
illumination, since the devices behave as diodes, in order to determine
electrical properties such as parasitic resistances. For the ideal diodes,
the dark current Jq can be described with the Shockley diode equation:

4
Ja=1Jo- exp s 1] (4.1)

where: J,, - reverse saturation current density, e - elementary charge, V
- voltage applied across the diode, kg - Boltzmann constant, n - diode
ideality factor, and T - absolute temperature. Operation of an polymer
solar cell in the dark can be explained with the help of the energy
diagrams in Figure 4.1.

In the high forward bias region (Fig. 4.1a), V > V4, the electric field is
strong enough to tilt the energy bands towards the anode, thus allowing
injection of electrons from the cathode into to the acceptor LUMO and
holes from the anode into the donor HOMO to flow towards the
donor/acceptor interface. At the interface, electrons and holes may
recombine, which results in radiative recombination (generation of
photons) or non-radiative recombination. As the applied voltage is
reduced below the voltage V4 (i.e. 0 < V < W), the energy bands will tilt
in the opposite direction, towards the cathode. The probability of
injecting the electrons and holes is lower, leading to a significant drop
in current density Ja. At short circuit conditions V = o (Fig. 4.1b) no net
current is flowing through the diode. The energy bands are still tilted
due to the built-in potential V1i, which is caused by the difference
between the work function of the anode @, and the cathode @. (Eq. 2.1).
In the reverse bias V < 0 (Fig. 4.1c), only a very small current flows,
due to barrier that hinders charge injection.
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Figure 4.1. Energy diagram of a simplified model for the donor/acceptor interface of a
BHJ solar cell at different applied voltages V across the polymer solar cell in the
absence of light (a-c). a) In the forward bias region V > 0, electrons (black circles)
are injected from the cathode to the acceptor’s LUMO and holes (white circles) are
injected to the donor’s HOMO; b) At short circuit V = 0, the bands are tilted due to
the existence of a built-in electric field, represented by the potential Vii; ¢) In the
reverse bias region V < o, the voltage across the diode causes a strong electric field
which prevents the charges from flowing; d) Dark current density graph of a
polymer solar cell device, with different voltage regions indicated.

Should the active layer absorb a photon with energy above the energy
gap (E > Ey), this will generate an exciton which may dissociate at the
donor/acceptor interface into a free electron and a hole. These
photogenerated charges will be accelerated towards the electrodes, i.e.
in the opposite direction of the dark current density Jq, due to the built-
in electric field, and constitute the photogenerated current density Jpn.
The total current density will then be J = Jq4 - Jph. In the high forward
bias region (V > Voc), the charges are injected into the PSC device. The
excitonic pairs are still generated, but tilting of the energy bands is
unfavourable for the exciton dissociation. Total current density J is
dominated by the Ja term. As the applied voltage is reduced, the
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injected current density also reduces. It will reach a point where Jg
and Jpn are equal and cancel each other out, leading to the total
current density J = 0, and at this point applied voltage is equal to the
open circuit voltage Voc.

—=— dark
a) —e—under AM1.5 b)

Current density J
+

Jsc MPP\ I Voc Rp

0 Applied voltage V

Figure 4.2. a) Typical J-V characteristics of a solar cell in dark (grey) and under
simulated sunlight (black). Ratio between grey shaded and dashed rectangle areas
defines the fill factor FF. b) Equivalent electrical circuit of the solar cell under
tllumination.

In the lower forward bias region (0 < V < Voc), the total current density
changes direction — it begins to flow outward from the OSC device, as
the photocurrent Jyn begins to compete with injection current Ja. As
the applied voltage is reduced further, it will reach a point Vmax at
which maximum power of the solar cell can be gained. When the
applied voltage equates the built-in potential Vi, maximum current
density can be obtained from the solar cell, i.e. short circuit current
density Jsc. The current density-voltage output measured in dark and
under illumination (AM1.5) is shown in Figure 4.2a.

The J-V characteristic is modelled with an equivalent circuit, as shown
in Figure 4.2b. In the equivalent circuit, the parasitic resistances,
parallel (or shunt) Rp and series Rs, are introduced to account for
various processes that may interfere with the device performance.
The parallel resistance Rp accounts for current leakage, for instance due
to manufacturing imperfections (e.g. pinhole protrusions)®6. The series
resistance Rs accounts for materials’ resistances, interface resistances
between individual layers and degradation of electrode contacts. Its
greatest impact is on reduction of solar cell output current*s2. From J-
Vmeasurements in the dark (i.e. Jpn = 0), it is possible to extract the
parameters Jo, n, and Rs. In the first approximation, the parallel
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resistance Rp can be estimated using Ohm’s law, assuming linear J-V
dependence in the region around V = o:

R, = (2—‘;)%0 4.2)

Taking these contributions into account, the output current density J of
a non-ideal solar cell under illumination can be written as:

The quality and efficiency of OSC devices is evaluated from the
measured J-V characteristics under illumination (AM1.5 spectrum),
and several parameters are extracted from these measurements.77:133.134

Open circuit voltage Voc is the voltage at which no net current J flows,
since the electrodes are not electrically connected into the closed circuit
and the dark current J4 and photogenerated current Jpn cancel each
other out. The Voc depends on the choice of materials in the active layer,
namely the difference of energy positions of the donor HOMO and the
acceptor LUMO.

The short circuit current density Jsc is the current generated when the
applied external voltage is zero (V = 0). The short circuit current is
strongly influenced by the optical properties of the light source
(intensity and spectrum), the absorption properties of active layer
materials, but also by charge transport and charge extraction efficiency.

Maximum output power density Pmax = JmaxVmax, is the power per unit
area generated by the solar cell at the maximum power point (MPP),
shown in Figure 4.2a.

Fill factor (FF) is defined as the ratio of maximum power provided by the
solar cell and the product JscVoc:

Pmax

]SC ) VOC

FF = (4.4)

It indicates how efficiently photogenerated charges are extracted from
the solar cell. It has been shown that the fill factor is related to the
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active layer morphology, namely the dimensions of donor and acceptor
material domains and the selected materials, but also charge
generation and recombination and charge mobilities.!35:136
Graphically, it defines the squarness the of J-V characteristics of a given
solar cell device.

From the Voc, Jsc and FF, the power conversion efficiency (PCE) is
calculated as a ratio of maximum output power density Pmax of the solar
cell and the power density of incident light Pin:

Bnax _ Jsc - Voc - FF

PCE =
P, P,

(4.5)

As discussed previously, the characterization of solar cells requires J-V
measurements performed on illuminated devices, as well as in the
dark. For comparable and reproducible reports on the solar cell
performances, the illumination source has to accurately simulate the
solar spectrum. As a standard, the solar spectrum measured at 48° to
the zenith is taken (Fig. 4.3). The solar spectrum intensity is
normalized to produce an integrated irradiance of 1000 W/mz2. It is
designated as Air Mass coefficient 1.5 - AM1.5, meaning that the optical
length path of solar radiation is 50% greater than that at the sea level
when sun is in zenith at equator (AM1). The Air Mass coefficient is
calculated from zenith angle ® as AM = 1/cos 6.¢
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Figure 4.3. The standard solar spectrum AM1.5.137
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4.1.2 External quantum efficiency

The external quantum efficiency (EQE) or incident photon-to-
converted electron (IPCE) measurement, is a method used to determine
the spectral response of the current generation in solar cells. If Ne is the
number of electrons generated by the solar cell and Nyn is the number
of photons incident on the sample, then EQE at a given wavelength A
will be:

A 1A hc
EQE(1) = Nom -100 = mﬁ 100 (4.6)

where: I(A)is the generated current, P(A) is power of monochromatic
light beam at wavelength A, h is Planck’s constant, and c is a speed of
light.138.139

While the J-V measurements under white light (AM1.5) illumination
provide the information on overall current generation and device PCE,
the EQE measurements provide the means to measure how specific
regions of the solar spectrum contribute to the current generation. The
intensity of the EQE signal will depend on probabilities of individual
processes that lead to current generation: photon absorption, exciton
diffusion to the donor/acceptor interface and its dissociation, and free
charge transport. The EQE measurements are performed by shining
monochromatic light from a monochromator on the solar cell device
while measuring the current generated at the given wavelength.

To ensure that the solar cells under consideration are characterized in
standard illumination conditions, the devices are illuminated with
white bias (AM1.5) light. In order to distinguish the contribution of
white light from the monochromatic component, the latter is sent
through an optical chopper, which is connected to a lock-in amplifier.
By chopping the monochromatic light, the lock-in amplifier can
measure the difference in current under illumination of both
monochromator and bias light, Imono+ami.5, and the current under bias
light only, Iamis, i.e. I = Imono+amis — Iamis.138139 In this way, the
differential EQE is measured. It has been shown that for light intensities
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of 1000 W/m2 and lower, the difference between differential EQE and
real EQE is negligible.139 The EQE measuring setup is usually calibrated
with respect to a standard silicon or germanium photodiode.4°

4.2 Spectroscopic characterization

In physics and chemistry, selection rules define the probability of
transition between two energy states of an atom or a molecule.
Selection rules, like transitions, can be divided into electronic,
vibrational and rotational, depending on which spectroscopic method
is used to investigate and observe those transitions. In spectroscopy, the
underlying principle, is the Fermi golden rule (Eq. 4.7). For UV-vis, IR
and X-ray spectroscopy, it can be derived from oscillating perturbation
theory. The Fermi golden rule defines transition probability ws as:

where: Viis transition probability matrix, and p(Es) is density of states
at energy Es corresponding to the transition from initial state y; to final
state yr. The Fermi golden rule is applicable to different cases of
electromagnetic excitation of a molecule, assuming that proper Vj is
used. For different excitations, i.e. different spectroscopic methods,
additional rules may apply.14

4.2.1 Ultraviolet-visible absorption spectroscopy

Organic compounds usually absorb light in the ultraviolet or visible
region of the electromagnetic spectrum. Absorption will occur only if
the photon energy of incident radiation is identical to the difference
between the energy levels of allowed electronic transitions in a
molecule. Upon absorption of a photon of energy E = hv, molecule will be
excited to higher electronic, vibrational or rotational energy states. The
total energy increase can be expressed as:

hv = AE, + AE,y, + AE, (4.8)
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where: AEe, AEvih, AE:o are energy differences between electronic,
vibrational and rotational state, respectively. The excitations to higher
rotational energy states are observable in the microwave region, while
the vibrational ones in the infrared region (discussed further in Section
4.2.2). There are several classes of transitions in organic molecules.
The 0-0* transitions occur in the far UV region (below 200 nm) and
cannot be observed with commonly used UV-vis spectrophotometers.
The m — t* transitions occur in conjugated molecules. The absorption
features will depend on the extent of conjugation of the molecule.142
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Figure 4.4. a) Illustration of an energy level diagram. Energy levels E,, E, E, correspond
to electronic states, while e,, e;, e, correspond to vibrational states. Vibrational
states e’ and e” are associated with higher electronic states E,, E. respectively.
Adapted from reference.43 b) UV-vis absorption spectra of thin films of the
materials used in this work.

Although the energy levels are discrete (Fig. 4.4a), the absorption
features do not appear as sharp lines, as is the case with atomic line
spectra, but rather as broad bands (Fig. 4.4b). Thisis due to the fact that
electromagnetic radiation in UV-visible range (300-800 nm) is
energetic enough to excite all three energy states (electronic, vibrational
and rotational). For each electronic state there are several closely
positioned vibrational and rotational states. As they cannot be resolved
by UV-vis spectrophotometer, the resulting spectra are the sum of all
transitions and appear as continuous bands.

The absorption spectra are obtained in the following way (Fig. 4.5).
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Figure 4.5. Illustration of UV-vis spectrophotometer optics.

Light is focused, through a set of mirrors, onto the rotational grating of
the monochromator. By rotating the grating, a specific wavelength can
be selected, giving rise to the monochromatic light. Monochromatic
light is then shone onto the sample (e.g. thin film spin coated on quartz
substrate). Intensity of light passing through the sample, I, is measured
by the photodetector and compared to that of the reference light beam,
I,.143 The absorbance at the given wavelength is then calculated via
equation:

A= —logq, (%) (4.9)

0

As the absorption at a given wavelength is related to the electronic
transition within the sample, absorption spectra can give insight into
electronic properties of studied materials, as well as molecular
configurations, aggregate formation, etc. This is particularly important
in conjugated molecules where the shifts of the absorption maxima are
indicative of changes in the conjugation length of the system. In
general, longer conjugation length of the material redshifts the
absorption maxima. UV-vis spectroscopy is often employed to study
effects of PSC materials’ processing conditions!44, exposure to light45-
147 heat55148, humidity and different atmospheres on organic
materials49. In this work, UV-vis absorption spectroscopy was used to
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monitor photochemical stability of solar cell materials upon exposure to
simulated sunlight (AM1.5) in ambient air. Changes in the absorption
spectrum are usually the first indicator for degradation of the
photoactive materials in the solar cell.

4.2.2 Fourier transform infrared spectroscopy

Infrared (IR) radiation is usually not strong enough to excite the
electronic transitions in photoactive layer materials. A molecule will
absorb IR radiation if the photon energy matches the energy difference
between two discrete vibrational states and only if it causes a net
change in the molecular dipole. The vibrational frequency, v, at which
a part of the molecule vibrates, can be estimated on a model diatomic
molecule (e.g. C=0), in which the molecular bond can be represented
by aspring. The frequency of bond vibration can be calculated from:

1 |K

V=— |— (4.10)
2T | U

where: K is the spring constant representing the bond strength, and u
is the reduced mass. In IR spectroscopy, the frequency is often
expressed in wavenumber value k = v/c = 1/A.15° Equation 4.10 can be
derived both from classical and quantum mechanical treatment of a
model diatomic molecule.

Molecular bonds can undergo two types of vibrations: stretching - bond
length changes, and bending - bond angle changes. Illustrations of
different vibrations are shown in Figure 4.6.
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Figure 4.6. Illustrations of different vibrational modes of a triatomic molecule. a)
Stretching modes. b) In-plane bending modes. c) Out-of-plane bending modes.
Assuming the plane is in the page, “-“ indicates an atom is moving away from
the reader, “+” indicates an atom is moving towards the reader. Adapted from
reference4s.

These modes of vibration are commonly observed in the mid-IR spectral
region of 4000-400 cm™ (2.5-25 um) and are used for chemical
identification. The IR spectrum can, in principle, be obtained with an
IR spectrometer with a similar optical system as the UV-vis
spectrometer (using an appropriate IR source and a detector).
However, the Fourier-transform Infrared (FT-IR) spectrophotometer has
been a significant development, with better signal-to-noise ratio,
higher resolution, and shorter data acquisition time.'43 Today FT-IR
spectroscopy is commonly used. The schematic of a typical FT-IR
spectrophotometer is shown in Figure 4.7.
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Figure 4.7. Schematic of interferometer used in FT-IR spectroscopy. Adapted from
reference.15°

The central part of the FT-IR spectrophotometer is a Michelson
interferometer. The incident IR radiation is divided by a beam splitter
into two beams, which are directed towards a stationary mirror M1 and
moving mirror M2. The reflected beams meet back at the beam splitter
and interfere constructively or destructively, dependent on their optical
path length difference. If the IR source had been monochromatic, the
dependence of the resulting beam intensity on position x of the moving
mirror M2 would be:

I(x) = %I(k) cos(2mkx) (4.11)

where I(k)is the intensity of IR source. The resulting dependence from
Eq. (4.11) is called an interferogram.

In an FT-IR spectrophotometer, the IR source emits a continuum of
wavenumbers and for a given mirror M2 position x, onlycomponents at
specific wavenumber will interfere constructively (i.e. those satisfying
condition x = nA) and be transmitted further. In FT-IR information on
all emitted wavelengths is acquired simultaneously. For a different
mirror M2 position x, different components of the IR source radiation
will be transmitted through or absorbed by the sample, before reaching
the detector. The raw data have to be processed by the computer
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through a Fourier transform algorithm for the spectra to be obtained.42
The position x of mirror M2 is measured with the help of a helium-neon
laser, leading to improved accuracy of the method. The obtained spectra
are used for chemical identification of unknown compounds or tracking
of chemical changes in the established samples46-151,

4.3 Synchrotron-based techniques

Following their discovery by W. Rontgen in 1895, X-rays (or Rontgen
rays) have been used to characterize materials. While the initial sources
were X-rays tubes, synchrotrons are used as a primary source of X-ray
radiation for scientific research in modern times, due to their wide
spectrum (from UV to X-ray region), ability to generate higher photon
flux and higher brilliance, a physical quantity which describes the
angular distribution of photon flux. It is defined as:

photons/second
(mrad?)(mm? source area)(0.1% bandwidth)

[Brilliance] =

In a synchrotron, an electron beam is bent by dipole (bending) magnets
into a circular motion. This will cause a radial acceleration of the
charges and, consequently, produce an X-ray radiation along the
tangent of the electron’s path. Since the electrons move at velocities
close to the speed of light, the angular distribution of radiation will be
narrow, described by natural opening angle ©:

E

mec?

Oxyly=

where: y is the Lorentz factor, and mec? is the electron rest energy.:52

Synchrotron system is shown in Figure 4.8.
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Figure 4.8. Illustrative representation of a synchrotron and additional facilities
needed to perform X-ray spectroscopy.

A source generates electrons through thermal emission from a heated
filament. Electrons are then linearly accelerated to a booster ring. The
purpose of the booster ring is to further accelerate electrons to a higher
energies before they are delivered to the storage ring. Depending on the
type of synchrotron, the electrons are injected periodically to maintain
the specified storage ring current or, in more recently developed
facilities, they are delivered into the storage ring in smaller, but more
frequent bursts. The latter allows operation of the beamlines with
almost no interruptions. Once in the storage ring, electrons are kept in
a closed path by a set of magnets:152
a) Dipole or bending magnets keep electrons in the closed path
within the storage ring.
b) Quadrupole magnets are used to focus the electron beam and
minimize the Coulomb repulsion between electrons.
c) Sextupole magnets compensate for the chromatic aberrations
caused by quadrupole focusing.

The synchrotron storage ring is not circular, but rather consists of
straight line segments, connected at the bending magnet joints. The
straight line segments are housing insertion devices, which produce
intense X-ray radiation, along with bending magnets. Insertion devices
are divided into wigglers and undulators. Both are comprised of
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periodic magnetic structures set in a way to bend the beam trajectory
into an oscillatory fashion. With each deviation, radiation is emitted
and superimposed on the radiation generated in the next segment. The
main difference in wigglers and undulators is that the latter consist of
more, closely packed segments thus providing an X-ray beam of
smaller angular spread. The emitted radiation is then sent down the
beamline, where it is focused and monochromated before being
delivered to the end station.

4.3.1 X-ray photoelectron spectroscopy

Photoelectron spectroscopy (PES) is an analytical technique used to
investigate electronic structure of occupied states in the sample surface
by analysing the energy spectra of the photoelectrons. The X-ray
photoelectron spectroscopy (XPS), with the energy range 0.1-10 keV for
the incident beam, probes the core atomic levels, as shown in Figure

4.9a.
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Figure 4.9. a) Processes in XPS. b) Processes in NEXAFS.

Electron, initially in a state with binding energy Es, absorbs a photon of
energy hv and leaves the sample with kinetic energy:
Ekin = hv — EB — Qg (412)
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where @s is the work function of a sample material. The experimental
setup of PES (Fig. 4.10) has a light source, a sample in UHV conditions,
and an electron energy analyser. Reaching the source slit of the electron
analyser, emitted electrons enter a region of lenses where they are
accelerated and focused at the entrance of the detector. An electric
potential is applied to the analyser hemispherical electrodes to allow
only electrons within a certain kinetic energy range to pass through and
reach the detector. The outer electrode is biased negatively with respect
to the inner one. Sample and detector are in joint electrical contact to
common ground potential which ensures they have the same Fermi
level.1s3

Detector /\

e /]

hv

Sample
Figure 4.10. Schematic of XPS system. Adapted from reference.'54

As the binding energies of the chemical elements are known, XPS is
commonly used for identification of elemental constituents. It also
yields information on the type of chemical bonds in the material. For
organic solar cells, XPS has been used to investigate stability of
materials for active layers48:59:155, processing of charge transport layer
(CTL) materials37:156 and organic/CTL interfaces3®-157,

4.3.2 Near-edge X-ray absorption fine structure spectroscopy

NEXAFS is commonly used to study chemical and structural properties
of the thin films. Unlike XPS, where the energy of the incident X-ray
beam is kept constant, and it is high enough to promote core electron
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above the vacuum level, the incident X-ray beam in NEXAFS is varied
across the energy interval around the binding energy of core electrons,
i.e. energy required to promote a core electron to the unoccupied states
(Fig. 4.9b). Another electron, from an outer shell, will fill the core-hole,
leading to an excess energy within the atom. The atom will relax to a
lower energy state through one of the two processes, as shown in Figure
4.9b.158:159 The transition of an outer shell electron to the core level will
emit a fluorescence photon (radiative emission) or an Auger electron
(non-radiative emission). The radiative emission is common in high
atomic number elements, since increased number of protons in the
nucleus bounds core electrons more tightly. The non-radiative emission
is typical for low atomic number elements, threshold between the two
processes being roughly at Z =30.152 As carbon constitutes the majority
of semiconducting organic materials (followed by oxygen and
nitrogen), the non-radiative emission is of greater interest.

X-ray absorption in NEXAFS can be measured directly, by measuring
the intensity of X-ray light transmitted through the sample, or by
detecting the emission of electrons or fluorescence yield. The electron
yield can be measured in three different modes, each with a different
surface sensitivity.159.160 The Auger electrons, detected in electron yield,
are emitted with characteristic kinetic energies which are independent
of incident X-ray beam energy and can be detected using an electron
energy analyser. As the electrons may be inelastically scattered before
leaving the sample, only those emitted from very close to the surface will
be detected. The distance that electrons can cover before inelastic
scattering is defined an electron mean free path, and its dependence on
electron kinetic energy is shown by a graph in Figure 4.11.
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Figure 4.11. Mean free path as a function of electron kinetic energy.16!
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The energy electron analyser can be adjusted to detect only the electrons
within a certain energy range of characteristic Auger transitions. This
makes Auger electron yield (AEY) very sensitive to surface
modifications, in order of 1 nm below the sample surface. Partial
electron yield (PEY) is measured by a channeltron (i.e. electron
multiplier). In front of the channeltron, a grid with retarding voltage is
installed to block slow electrons. More energetic electrons, coming
deeper from the sample (3-5 nm below the surface¢°) can be detected.
In total electron yield (TEY), all electrons ejected from the sample are
counted by measuring the drain current needed to keep it electrically
neutral (Fig. 4.12). Information depth of TEY is around 10 nm.%

Fluorescence yield

Electron energy

analyzer (AEY)%

%,V

Channeltron (PEY)

Photodiode

T T

Transmitted X-ray

Incident X-ray

Drain current (TEY)

Figure 4.12. A schematic of the detection modes in NEXAFS. Adapted from reference.16°

As theincident X-ray light is promoting electrons from core-level states
to unoccupied states in NEXAFS, the energy of detected electrons will
not only depend on the specific chemical element, but also on the
chemical surrounding, i.e. types of bonds, and structural properties
(bond orientation). In the past, NEXAFS has been extensively used to
study molecular stacking of conjugated polymers62-164, effects of
thermal annealing on conjugated polymers and fullerenes9:165, effects
of blend morphology on PSC active layer electronic structure and
subsequent impact on PSC device performance8”89 and photo-
oxidation of fullerene C¢o and itsderivative PCesoBM?128:166,

36



4.4 Atomic force microscopy

Atomic force microscopy (AFM) belongs to a family of scanning probe
microscopy techniques. While this field began with the development of
scanning tunnelling microscopy (STM) in 1982, by G. Binning and H.
Rohrer, the introduction of AFM gave an offset to this family of
techniques, as it extended the possibility of surface characterization
into insulating materials under ambient atmosphere conditions.67
Since STM is based on measurements of tunnelling current, it is limited
to the conductive surfaces and not suitable for organic samples, namely
polymer/fullerene and polymer/polymer blend thin films. In the AFM,
a sharp tip is attached to a flexible cantilever, which is used as a force
sensor. Interaction between the tip and the sample surface will cause
cantilever deflection which is measured by the laser beam light
reflected from the cantilever into position calibrated photodiode, as
shown in Figure 4.13.

Mirror 4 Laser

Photodiode

b

Tip

Cantilever

W Sample

Piezo crystal

Figure 4.13. Schematic of typical AFM setup.

The type tip-sample interaction will depend on the operational mode of
AFM used, butin most general case the interaction can be approximated

with the Lennard-Jones potential68:
12

V,_; = 4e [(f) - (2)6] (4.13)

r r
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where: r is the distance between the tip and the sample surface, ¢ is the
depth of the potential and the point of forces’ equilibrium, and o is a
distance where the potential is zero. The 12th-power term originates
from the Pauli repulsion and the 6™-power term represents the
attractive Vander Waalsforces. The Lennard-Jones potential, along with
distance range of commonly used operational modes in AFM, is given
in Figure 4.14. In the contact mode, the cantilever is kept at constant
deflection (constant force) by adjusting the tip-sample distance
through a feedback loop. As the repulsive forces vary greatly at the
short tip-sample distances, height profiles of constant force will
correspond to the local topography of the sample. Since the forces in
contact mode are strong, it is preferable to use this mode on hard
surfaces.167

Intermittent contact mode

Contact Non-contact mode

€T mode

|
|

(&

Figure 4.14. The Lennard-Jones potential with ranges of operational AFM modes.

For soft sample surfaces, such as the active layer thin films,
intermittent contact mode (also known as tapping mode) is used. In
this mode, the cantilever is driven at its resonance frequency with a
large oscillation amplitude. The large oscillation amplitude ensures
that the cantilever comes into contact with the sample once per
oscillation cycle, but also to move the tip further away, which reduces
the attractive tip-sample interaction and decreases the probability of
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sample being damaged. The amplitude, due to the periodic tip-sample
contact, is used as a feedback parameter for topography imaging. Along
with the amplitude shift, the phase shift between the driving frequency
(from piezo-controllers) and the actual cantilever oscillations can be
recorded.68

In the non-contact mode, the tip is far from the sample, at distances
where attractive potentials dominate. The cantilever is maintained near
its resonance frequency so that the frequency shift is used as the feedback
parameter in imaging. Since the tip does not come into direct contact
with the sample surface as in the two aforementioned cases, the non-
contact mode is almost completely non-destructive for the sample.
However, this also makes it very sensitive to the possible surface
contaminations which might mask the topography of the sample.
Therefore, the measurementsin this mode are commonly performed in
vacuum conditions.167

4.4.1 Atomic force microscopy infrared spectroscopy

Atomic force microscopy infrared spectroscopy (AFM-IR) is an
emerging technique that combines the chemical analysis of the FT-IR
spectroscopy and the spectral resolution of AFM, thus allowing highly
resolved chemical composition mapping of the surfaces at submicron
scale.

The first attempt of combined AFM/FT-IR characterization was done
by Hammiche et al.?%9 in 1999. While running the AFM in contact mode,
a narrow sample region, directly below the AFM tip, was heated with
continuous, low intensity IR radiation from a conventional FT-IR
spectrometer source. Upon heating of the sample, the resulting
temperature increase would change the electrical resistance of the AFM
tip. The electrical resistance was measured via Wheatstone bridge and
analysed through a Fourier transform algorithm. An alternative
approach, used in modern AFM-IR, was developed by Anderson7°
around the same time. Instead of measuring the electrical resistance
change due to the temperature gradient, Anderson had measured the
AFM tip deflection, which was due to the direct contact of the tip with
the thermally expanded sample. Both approaches had a poor spatial
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resolution, as the tip would be affected by the thermally induced
changes from the area around the targeted point, due to the heat
dissipation.

Improvement was achieved by Lu et al.17* in 2014. They had introduced
the quantum cascade laser (QCL) as an IR radiation source. By heating
the sample region with short IR pulses from a QCL source, they were
able to reduce the heat dissipation to the area just below the AFM tip.
This allowed the utilization of the AFM spatial resolution. By tuning the
IR pulse repetition rate to the AFM cantilever resonance frequency, Lu
et al. were able to increase the IR detection efficiency (i.e. probe
sensitivity). This is called the resonance enhanced AFM-IR.

The AFM-IR works in the following way. The AFM tip is brought above
the targeted spot and the IR pulse repetition rate is set to the AFM
cantilever resonance frequency. As the IR heats the spot under the AFM
tip, the material begins to thermally expand. As the AFM tip is in the
contact with the sample, thermal expansion will cause the tip to
periodically deflect. The change in the deflection is tracked by the
photodiode, and the process is repeated by varying the IR frequency of
the QCL pulse, while keeping the AFM tip at the same location. The
deflection signal is then Fourier transformed, and the local IR
spectrum is obtained. If the IR source is kept at the frequency specific
to some molecular vibration in the sample (usually obtained from the
standard transmission FT-IR measurement), and the tip is scanned
across a certain area, it is possible to obtain chemical composition
maps.172173

Just as in the case of standard AFM, the method can be applied in
contact mode (described thus far) and tapping mode. In tapping mode,
AFM-IR is used for soft or loosely adhesive sample, as direct contact
could deform or delaminate the scanned region. Tapping is performed
at the cantilever free resonance frequency, but the pulse repetition rate
is adjusted to the difference between this free resonance frequency and
the 15t harmonic of the AFM cantilever.174
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Chapter 5: Summary of the papers

Paper I

Photo-degradation in air of spin-coated PCsoBM and PC,,BM films,
Vanja Blazinic, Leif K. E. Ericsson, Stela Andrea Muntean, and Ellen
Moons

Synthetic Metals, 2018, 241, 26-30
DOI:10.1016/j.synthmet.2018.03.021

This paper deals with the comparative study of degradation of PCsoBM
and PC,,BM thin films upon their exposure to simulated sunlight
(AM1.5) in ambient air (i.e. photo-oxidation). Thin films were
characterized by UV-vis and FT-IR spectroscopy for various
degradation times. The PC,,BM thin film has a more pronounced loss
of absorption in the visible region (400-700 nm), but the intensity
decrease of absorption features of PC¢oBM thin film in the near-UV
region (below 400 nm) indicates faster degradation of this fullerene
derivative. The FT-IR spectra of thin films show that, upon exposure,
both materials develop new absorption features in the carbonyl region.
Tracking of carbonyl features’ intensities for different exposure times
indicates that the photo-oxidation rate of PC¢oBM thin film is 10-15%
greater than that of PC,0BM. Two possible causes for different photo-
oxidation rates are suggested: different oxygen diffusion rate through
the film, due to the differences in molecular packing of the molecules
or differences in the inherent stability of individual fullerene derivative
molecules. Both the molecular packing and the stability are affected by
the curvature of fullerene cages. The difference in materials’ densities,
and hence molecular packing and oxygen diffusion rates are too small
to account for the difference in photo-oxidation rates. Therefore, we
conclude that the photochemical stability of individual molecules plays
a more significant role.
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Paper 11

Impact of intentional photo-oxidation of donor polymer and PC,oBM
acceptor on solar cell performance

Vanja Blazinic, Leif K. E. Ericsson, Igal Levine, Rickard Hansson,
Andreas Opitz, and Ellen Moons

Physical Chemistry Chemical Physics, 2019, 21, 22259-22271

DOI: 10.1039/C9CP04384E

In this paper, the impact of photo-oxidation of TQ1:PC,c0BM (v/v 1:3
ratio) photoactive layer, spin coated on ITO/MoO; substrates, on the
device performance is investigated. Upon photo-oxidation, LiF/Al
cathode was evaporated. J-V measurements show that the exposure of
photoactive layer has a detrimental effect on OSC device performance
— short circuit current Jsc, open circuit voltage Voc and fill factor FF
decrease and devices’ series resistance Rs increases with the increasing
active layer photo-oxidation time. The EQE shows the loss in current
generation through the entire recorded spectrum, with the loss more
pronounced in the visible-near-IR region for shorter exposure times
(less than 2 hours). The thin films of TQ1, PC,cBM and their 1:3 blend
were characterized with UV-vis and FT-IR spectroscopy before and
upon photo-oxidation for the same times. FT-IR spectra indicate
development of the carbonyl products both in pure TQ1 and PC,,BM
films, as well as the blend films, upon exposure. Comparison of EQE
spectra of complete device and UV-vis spectra of the photoactive layer
upon exposure indicates that the photobleaching of the photoactive
layer is not the major contribution to the degraded device performance,
but that the charge transport and collection is also hampered. Since the
TQ1 is known to be electronically stable from previous NEXAFS study,
focus is turned to the electronic properties of the fullerene derivative
PC,0BM. The Cis NEXAFS spectra show that in photo-oxidized
PC,0BM thin films, the density of unoccupied molecular states,
expressed by the intensity of the m* resonances, decrease with
increased exposure time, leading to the loss of the C,, cage conjugation.
This effect is more pronounced at the surface than in the bulk material.
Further study of the PC,,BM thin film surface, with Kelvin probe,
indicates that the photo-oxidation leads to the formation of filled gap
states near the HOMO and upward band bending. It is concluded that
the loss of conjugation, appearance of the gap states, which serve as
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charge traps, and the degradation of charge transport and collection
properties in the PC,,0BM are the main causes of the device
degradation.

Paper III

The Photooxidation of PCsoBM: New Insights from Spectroscopy
Iulia Emilia Brumboiu, Leif K. E. Ericsson, Vanja Blazinic, Rickard
Hansson, Andreas Opitz, Barbara Brena, and Ellen Moons
manuscript

In this work, a spectroscopic study of a spin coated thin films of
PCsoBM, upon their exposure to light and air, was performed by the C1s
and O1s core level XPS, the C K-edge and O K-edge NEXAFS, and FT-
IR, in order to gain an insight into photo-oxidation of PCescBM.
Obtained spectroscopic results were compared with the corresponding
calculated spectra for a large variety of possible photo-oxidation
products of PCsoBM in order to identify the chemical nature of the
products observed in the experiment. From the C1s XPS and FT-IR we
identify C=0 bond types as degradation products. We further show
from Cis NEXAFS spectra, both theoretical and experimental, that
photo-oxidation causes breaking of C=C bonds of the Cso cage leading
to the loss of conjugation of the fullerene derivative. The O1s NEXAFS
spectra, both theoretical and experimental, show that the photo-
oxidation products have a significant C=0O character. From the
comparison of theoretical and experimental FT-IR spectra, it is
deduced that the photo-oxidation of PC¢oBM leads to opening of the
cage, and formation of products which are a combination of PCssBM
anhydride and PCs;sBM dicarbonyl. The experimental XPS and
NEXAFS results show a match with the calculated spectra for a
combination of pristine PCsoBM, PCssBM anhydride and PCssBM
dicarbonyl. Furthermore, the O1s XPS spectra indicate a contribution
of the molecular oxygen diffused into the film.
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Paper IV

Effects of morphology on the photodegradation of TQ1:PC,,BM films:
an AFM-IR study

Leif. K. E. Ericsson, Vanja Blazinic, and Ellen Moons

manuscript

In this manuscript, an emerging method, Atomic Force Microscopy
Infrared spectroscopy (AFM-IR), is applied to the well-studied
polymer/fullerene TQ1:PC,0BM (1:3) blend. The TQ1:PC,0BM thin
films were spin coated from chlorobenzene, known to form phase
separated PC,oBM-rich domains with a submicron scale. Blend films
were degraded under the simulated sunlight in ambient air. By using
the individual components’ molecular IR fingerprint, known from
previous FT-IR study, we were able to chemically map the distribution
of TQ1 and PC,,BM in the phase separated blend film with a nanometer
spatial resolution. Furthermore, by adjusting the IR laser frequency to
1780 cm, which corresponds to a vibration of the anhydride photo-
oxidation product on the PC,0BM cage, we mapped the distribution of
photo-oxidation products in the intentionally degraded film. We
established that the anhydride photo-oxidation product of PC,0BM is
uniformly distributed over the blend film surface.

Paper V

Stability of TQ1:N2200 active layers for all-polymer solar cells
Vanja Blazinic, Leif. K. E. Ericsson, Ellen Moons

manuscript

In this manuscript, the photo-oxidation of un-annealed and annealed
TQ1, N2200 and their (2:1) blend is investigated with FT-IR, UV-vis
and AFM. UV-vis spectra of neat polymer films shows that un-annealed
TQ1 film is more stable than un-annealed N2200 film against
photobleaching. Thermal annealing of both neat films slow the
photobleaching down to a similar rate. The FT-IR spectroscopy results
show that, on the other hand, the un-annealed N2200 film is more
stable against formation of carbonyl photo-oxidation products, as
compared to un-annealed TQ1. Thermal annealing slows down the
photochemical changes, due to the exposure to light and air, of the TQ1
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thin film, while the photochemical effects of the exposure of N2200
film remains largely unchanged. Comparison of neat un-annealed
polymers’ FT-IR spectra with that of un-annealed blend in the carbonyl
region indicates that the TQ1 component is contributing to the photo-
oxidation of the blend more than N2200 component. Thermal
annealing of neat polymer films and their 2:1 blends increases their
stability against photo-oxidation, as shown both from FT-IR and UV-
vis spectroscopy. The differences in UV-vis and FT-IR results of un-
annealed neat polymer films indicates that TQ1 and N2200 undergo
different photodegradation processes when exposed to light and
ambient atmosphere. AFM imaging of the surface of the samples before
and upon photo-oxidation does not show any observable changes in the
surface morphology.
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Chapter 6: Conclusions and outlook

In the work presented in this thesis, impact of exposure to light and air
(i.e. photo-oxidation) on active layer components, namely the electron
acceptor materials, was investigated.

Two commonly used electron acceptor materials, the fullerene
derivatives PCsoBM and PC,,BM, were investigated. Photostability in
ambient air of spin coated thin films of these materials was
comparatively studied by readily available spectroscopic methods, UV-
vis absorption spectroscopy and FT-IR spectroscopy. The FT-IR results
show that these fullerene derivatives share a similar photochemical
degradation pathway upon the exposure to air and light, with the
degradation rate being higher in PCsoBM. It was found that
degradation rate was governed by the individual chemical reactivity of
molecules, and not by materials’ density and oxygen diffusion. The
greater chemical reactivity of PC¢cBM was found to be directly related
to the greater curvature of Ceo cage.

In order to investigate how the photo-oxidation affects the
performance of polymer/fullerene solar cell, the active layer, based on
TQ1:PC,0BM blend, was spin coated onto ITO/MoO; electrode and
intentionally exposed to simulated sunlight and air, prior to LiF/Al
electrode deposition. J-V measurements under illumination show that
performance of these devices drops rapidly with the exposure time.
Comparison of various spectroscopic results has distinguished 3 key
issues: 1) degradation of charge transport and extraction properties of
the PC,0BM is plays a dominant role in device performance
degradation, and the light absorption, 2) photo-oxidation of PC,,BM,
hampering charge transport and extraction, occurs mostly at the film
surface, 3) surface gap states and band bending are responsible for
poor device performance, even if the bulk material may be unaffected.
We returned to PCsoBM, in order to determine how the modification of
the fullerene derivative occurs during the photo-oxidation. By
comparing the spectroscopic results from XPS, NEXAFS and FT-IR
with the calculated spectra for variety of photo-oxidation products, we
have determined that the photodegradation of PC¢ocBM films occurs
due to the breaking of the conjugation, followed by opening of the Cso
cage, and formation of dicarbonyl and anhydride photo-oxidation
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products, along with the with the presence of the molecular oxygen in
the material.

As it was established that the photo-oxidation at the surface of the
active layer hinders the PSC device performance, we employed an
emerging spectro-microscopic method, AFM-IR, to investigate the
photo-oxidation of TQ1:PC,0oBM films. We demonstrated the ability of
this method to chemically and spatially map the distribution of photo-
oxidation sites at the surface of the active layer. After investigating the
photo-oxidation of the fullerene derivative degradation on bulk,
surface and molecular level, and its influence on the device
performance, it was replaced with a commonly used electron acceptor
polymer from the family of naphthalene diimide polymers, N220o.
The comparative study of impact of exposure to light and ambient
atmosphere on thin films of TQ1 and N2200 indicates that these two
polymers, one being an electron donor and other an electron acceptor,
photodegrade in different ways.

As the electron acceptor polymers become more widely used, it will be
important to investigate how these materials degrade. Understanding
their degradation pathways should provide us with the guidelines how
to chemically tailor them to be more stable and more efficient.
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Probing the effects of photodegradation of
acceptor materials in polymer solar cells:
bulk, surface, and molecular level

Increase of the global energy demand and the climate change are two factors
motivating the study and use of renewable energy sources, such as the solar
energy. Organic photovoltaics (OPV) is a technology that uses organic molecules
to convert solar energy into electricity. These organic molecules can be kept in
ink form, allowing OPV device manufacture via coating, and ultimately roll-
to-roll printing techniques, resulting in inexpensive, light weight, portable, and
mechanically flexible sources of electricity. OPV devices have reached over 15%
in power conversion efficiency, but their operational lifetime has to increase.

In this work, the photostability of the active layer in organic solar cells and its
molecular components was studied by a variety of spectroscopy, microscopy
and electrical characterization techniques, with focus on the chemical changes
that these materials undergo during exposure to light and air. The aim was
to determine the relation between materials’ degradation and the device
performance degradation.
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