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Abstract
In this thesis, active layers based on conjugated donor polymers and nonfullerene small
molecule acceptors are printed using a meniscus guided slot-die coating technique. The
process of printing is followed in situ to gain insights into the structure formation and
to enable an optimization of the printing parameters, inner morphology and solar cell
performance. Towards further optimization of printed organic solar cells, the effect of
solvent additive concentration on the morphology, optical properties and photovoltaic
performance is studied. Furthermore, morphological changes, occuring under illumination
of printed organic solar cells, are studied in operando, correlated to the degradation of
device parameters and supported by a theoretical model. This thesis reveals the impact
of inner morphology on the photovoltaic performance and is an important step towards
realization of large-area organic solar cells with adequate long-term stability and high
efficiency.

Zusammenfassung
In dieser Doktorarbeit werden aktive Schichten von konjugierten Donor-Polymeren und
kleinen, Fulleren-freien Akzeptormolekülen mit einer meniskusgeführten Schlitzdrüsenbe-
schichtungstechnik gedruckt. Der Druckprozess wird in situ verfolgt, um Einblick in die
Strukturbildung zu gewinnen und eine Optimierung der Druckparameter, der inneren
Morphologie und der Leistung der Solarzelle zu ermöglichen. Zur weiteren Optimierung
von gedruckten Solarzellen wird der Einfluss der Konzentration von Lösungsmitteladditiven
auf die Morphologie, die optischen Eigenschaften und die Photovoltaik-Leistung untersucht.
Darüber hinaus werden die morphologischen Änderungen unter Beleuchtung von gedruckten
organischen Solarzellen in operando untersucht, mit der Abnahme der Leistungsparameter
korreliert und durch ein theoretisches Model unterstützt. Diese Doktorarbeit zeigt den
Einfluss der inneren Morphologie auf die Photovoltaik-Leistung und ist ein wichtiger
Schritt zur Verwirklichung von großflächigen, organischen Solarzellen mit hinreichender
Langzeitstabilität und hohem Wirkungsgrad.
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1 Introduction

In recent decades, awareness of climate change has increased and great effort has been
made to reduce global warming as far as possible. However, at the same time, the global
need for electrical power increased significantly due to remarkable technological progress
and renewable energy technologies were considered to be a highly promising way to provide
sufficient amount of power in an environmentally friendly way. [1–3] Within the last
decades, the power generated from renewable energy sources rose significantly, whereas
the contribution of non-renewable sources declined. Figure 1.1 illustrates the evolution of
power generation in terawatt-hours [TWh] in Germany over the last 30 years. [4] Power
from non-renewable sources, such as coal energy (black) and nuclear energy (gray), became
less important. In contrast, the relevance of renewable energy sources (dark green), such
as wind (blue), biomass (bright green) and solar radiation (yellow), increased significantly.

Figure 1.1: Power generation in
terawatt-hours in Germany from 1990
to 2020. The evolution of coal energy
(black), nuclear energy (gray), wind
energy (blue), biomass energy (bright
green) and solar energy (yellow) as
well as the overall power generation
from renewable energy sources (dark
green) are given. Data are obtained
from [4].

The main drawback of fossil fuels is their limitedness as well as their emission of CO2,
contributing to global warming. In contrast, nuclear power enables CO2–neutral power
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2 Chapter 1. Introduction

generation but suffers from severe drawbacks, such as the unresolved end-storage prob-
lem, enormous safety requirements and decreasing acceptance in broad segments of the
population. [5, 6] Therefore, renewable energy technologies, which can provide power
from naturally replenishing resources, such as solar, wind, marine, biomass and geother-
mal energy, are gaining interest. However, to manage the energy revolution towards
climate-neutral power generation, several challenges have to be overcome. Examples are
technical issues, such as resource availability and stability of supply, economic barriers,
such as energy pricing and costs, and institutional requirements, such as administration
and infrastructure. [7] In addition, socio-cultural factors, such as esthetics and general
acceptance of new technologies, as well as environmental drawbacks, such as potential air
and water pollution or consumption of resources, have to be considered.

Thus, new concepts of power supply such as net zero energy homes, whose annual en-
ergy consumption equals their annual energy generation from renewable sources, are
applied. [8–11] Moreover, the idea of decentralized electrical power supply based on
peer-to-peer networking has attracted considerable public interest as it allows overcoming
supply shortage, the main drawback of emerging renewable energy technologies. [12,13]
Therefore, calculations and simulations have been performed as a first step towards real-
ization of a decentralized, renewable power supply system, in which electrical power can
be produced locally by private households as well as industry and can be traded with
neighbors via a smart grid. [13, 14] Information on energy production and demand can be
collected e.g. by a blockchain and an electricity tariff, depending on the present demand, is
calculated. [15, 16] In periods of excess power generation, energy storage (e.g. in electrical
vehicles) or consumption might be more attractive for the user, whereas in periods of
higher demand and higher prices, energy saving will be rewarded. This environmentally
friendly approach is given as one possible way to enable efficient, regional use of electrical
power, better matching of demand and production as well as to achieve broader acceptance
in the population as every user contributes to the network.

Furthermore, new technologies are continuously developed to enable power generation
from renewable energy sources in private households. In particular, photovoltaics are
considered to be a promising approach to meet future energy needs. [17, 18] To overcome
the drawbacks of conventional silicon based solar cells, such as their high weight and
inflexibility, new devices such as organic solar cells, consisting of a donor polymer and
an acceptor molecule, being mixed to form a bulk-heterojunction (BHJ) structure, are
developed. These devices offer potential advantages, such as being lightweight, mechan-
ically flexible and semi-transparent, and have the ability to convert diffuse light into
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electrical energy. [19–21] This enables new potential applications in architecture and daily
life, which were not possible so far with silicon based devices. Examples are solar cell
windows, roofs, trees, art and even clothing. [22–27] Therefore, organic photovoltaics have
gained significant interest in industry and research during the last years. [28–34] Current
research focuses on identifying new high-efficiency polymers in combination with suitable
small molecule acceptors, which allow tuning the energy levels and exploiting the sun
spectrum more efficiently. [35–39] To date, record power conversion efficiencies (PCEs)
above 18% were reached for spin-coated organic solar cells, which is already above the
threshold for commercialization. [40,41] However, for these devices, active areas were about
a few square centimeters only. [42–44] To enable real-word use, up-scaling of the thin film
deposition process as well as improving the long-term stability are necessary. [45–47] These
parameters are illustrated in the triangle of marketability of organic solar cells (Figure 1.2).

Figure 1.2.: The triangle of marketability describes the main factors which have to be fulfilled on
the way to marketability of organic solar cells, namely high efficiency, long-term device stability
and scale-up of the thin film deposition. This thesis focuses on studying and improving stability
and scale-up.
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To overcome the challenge of up-scaling of the thin film deposition, promising techniques,
such as meniscus guided slot-die coating, inkjet printing and doctor blading have been
developed. [48–54] These printing methods are compatible with roll-to-roll production and
are assumed to be a possible way to realize fast and low-cost large-area thin film deposition
of the solution-processible organic solar cell materials. [47,51,55] Compared to spin-coating,
precursor solutions with lower concentrations are required for printing of active layers,
facilitating the use of high-efficiency materials, which often suffer from poor solubility.
Unfortunately, fundamentals of spin-coating and printing differ significantly and therefore,
knowledge gained from one thin film deposition method, like spin-coating, cannot simply
be transferred to the other method, like printing. [51,56] Thus, fundamental understanding
of the processes, occuring during printing, is needed. Therefore, the structure evolution
during printing and drying of thin films has to be studied and understood in detail in
order to optimize the conditions of thin film deposition, influencing the inner morphology
and device performance. [29,57–59] Even though a few in situ studies have already been
performed on different materials and printing techniques, the deposition process and film
formation are not fully understood yet. [57, 60,61] In addition, structure evolution is not
only material-specific but also differs for different thin film deposition techniques. [61–63]
Consequently, new high-efficiency polymers and small molecule acceptors have to be stud-
ied in situ for different processing conditions in order to achieve an optimum morphology
and device performance. Furthermore, morphology control can be realized by addition of
common solvent additives such as 1,8-diiodooctane (DIO). [35,64] Even though the stability
of organic solar cells could be improved successfully by synthesis of new materials [65–67]
or development of an inverted device structure [32, 68, 69], the poor long-term stability
of most high-efficiency materials still hinders a commercial breakthrough. [70,71] Thus,
understanding the degradation mechanism of printed BHJ photovoltaics is essential to
realize fabrication of large-area organic solar cells with outstanding PCE and excellent
long-term stability. Chemical degradation of organic solar cells in presence of water or
oxygen has been studied for many materials and can be avoided by encapsulation. [71, 72]
However, physical degradation with morphological changes in the active layer occurs even
in absence of reactive molecules. [73, 74]

In this thesis, the fluorinated low bandgap polymer poly[(2,6-(4,8-bis(5-(2-ethylhexylthio)-
4-fluorothiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl- 5’,7’-bis-
(2-ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione)], denoted PBDB-T-SF, and the
chlorinated low bandgap polymer poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-chloro)thiophen-2-yl)-
benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)benzo-[1’,
2’-c:4’,5’-c’]dithiophene-4,8-dione))], denoted PBDB-T-2Cl, are used as electron donor
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materials. In order to fabricate active layers, the respective high-efficiency polymer
is mixed with the nonfullerene small molecule acceptor 3,9-bis(2-methylene-((3-(1,1-
dicyanomethylene)-6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:2’,3’-d’]-s-in-daceno[1,2-b:5,6-b’]dithiophene, denoted IT-4F, in a 1:1 weight ratio, and
printed out of chlorobenzene (CB) using a meniscus guided slot-die coater. Organic solar
cells based on PBDB-T-SF:IT-4F can achieve a PCE of 13%, whereas PBDB-T-2Cl:IT-4F
based devices can achieve a PCE of 14%. [35, 75] In this thesis, the main challenges in
the field of organic photovoltaics are addressed by providing an optimization of solar
cell performance, giving insights into the process of meniscus guided slot-die coating and
presenting the degradation mechanism of printed organic photovoltaics under illumination.

An overview of physical backgrounds is given in Chapter 2. Experimental methods and
sample preparation are described in Chapter 3 and 4, respectively. In Chapter 5, the
evolution of morphology and optical properties during in situ printing is detailed. The effect
of solvent additives on the morphology and device performance is discussed in Chapter 6.
In Chapter 7, the degradation mechanism of organic solar cells under illumination is
described. A summarizing conclusion and outlook is given in Chapter 8.





2 Theoretical Background

The following chapter introduces the most relevant concepts needed for understanding the
topics discussed in this thesis. In Section 2.1, a general description of organic solar cells is
provided. Inner morphology and device geometry are described before introducing the
working principle and possible loss mechanisms. Moreover, potential degradation pathways
are discussed. In Section 2.2, the thin film deposition technique meniscus guided slot-die
coating is introduced. Basic principles and parameters are given and wetting of a liquid on
a solid surface is illustrated. The range of parameters, enabling a stable coating process,
called coating window, is discussed. In Section 2.3, basic concepts of X-ray scattering as
well as the advanced scattering techniques grazing incidence small-angle X-ray scattering
(GISAXS) and grazing incidence wide-angle X-ray scattering (GIWAXS) are introduced.

2.1. Organic Solar Cells

2.1.1. Architecture

In organic solar cells, the active layer is based on organic semiconductors. [77–79] In
order to generate power from sunlight, an electron donor and an electron acceptor are
required. [80, 81] Usually, a donor polymer is combined with a small molecule acceptor,
even though other approaches, such as all-polymer or ternary solar cells, are fabricated as
well. [82–87] In the past, fullerene based acceptors derived from PCBM were predominantly
used. [58,88,89] However, to date, nonfullerene small molecule acceptors such as IT-4F
(Section 4.1) are prefered due to their advantages, such as tunable energy levels, improved
stability and higher PCEs. [28,35,90] In order to achieve high efficiencies, these nonfullerene
acceptor molecules are combined with low bandgap donor polymers, such as PBDB-T-SF
or PBDB-T-2Cl (Section 4.1). The ideal bandgap was found to be about 1.5 eV. [91]

7
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Figure 2.1.: Illustration of a cross section of an inverted organic solar cell with different active
layer structures (Figure inspired by a graph from [76]). Electron blocking and hole blocking layers
(bright gray) are introduced respectively between active layer and anode (dark gray) or cathode
(dark blue) to achieve selective contacts. (a) In a bilayer based solar cell, a thin layer of donor
material (blue) is located on top of a thin layer of acceptor (orange). (b) In an interdigitated
heterojunction active layer, pillars or lamellae with dimensions comparable to the exciton diffusion
length are present. (c) In a BHJ layer, a percolating network of donor and acceptor domains is
formed.

The applied photoactive materials have high conjugation lengths (alternating single and
double bonds), provoking delocalization of electrons. [76] Thus, electronic excitation of the
polymer and generation of an exciton, a Coulomb bound electron-hole pair, is facilitated.
The exciton moves to the donor:acceptor interface, where exciton splitting into free charge
carriers occurs. The electron is transferred from the donor to the acceptor and electron
and hole move towards the respective electrodes (Subsection 2.1.2). A cross section of
an organic solar cell with inverted device geometry is shown in Figure 2.1. The active
layer is sandwiched between the electrodes and the respective blocking layers, which are
introduced to achieve selective contacts for charge extraction. [92] Different active layer
morphologies, such as bilayer (Figure 2.1a), interdigitated heterojunction (Figure 2.1b)
and BHJ (Figure 2.1 c), can be realized. [76] For a bilayer organic solar cell, a thin layer
of donor is placed on top of a thin layer of acceptor material. In this approach, only
a small interface area is formed. This is unfavorable for the device performance as a
large donor:accepor interface is required to enable efficient exciton splitting. [93] In an
interdigitated heterojunction active layer, small pillars or lamellae with a size that fits
typical exciton diffusion lengths are created. This active layer morphology is considered to
be ideal for organic solar cells as it enables efficient exciton splitting and charge transport.
Unfortunately, this approach requires cost-intensive, technically challenging methods such
as nano imprint lithography. [94, 95] The desired nanostructure is generated with one
material and is then backfilled with the other to fabricate a two-component active layer.
Thus, this approach is not suitable for large-scale, low-cost fabrication of organic solar
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cells. A BHJ morphology is the most promising approach as a favorable inner structure
can be realized by simply mixing the two components prior to thin film deposition. [75,77]
During drying of the thin film, a partial demixing occurs and a percolating, interdigitating
network of donor and acceptor domains is formed. [96–98] A BHJ morphology enables
efficient exciton generation and charge transport. However, a broad variation of different
domain sizes is usually formed in the active layer. Thus, besides formation of favorable
domain sizes, which fit typical exciton diffusion lengths, also unfavorable domain sizes
evolve. Therefore, controlling the BHJ morphology is indispensable to optimize the device
performance of organic solar cells.

Figure 2.2: Illustration of a typical
device stack of an inverted organic
solar cell. The ITO coated glass sub-
strate acts as cathode. ZnO is ap-
plied to act as hole blocking layer.
The BHJ active layer is printed us-
ing a meniscus guided slot-die coater.
Thin films of MoO3 and Al are evapo-
rated on top to act as electron block-
ing layer and anode, respectively.

The device stack of organic solar cells can be classified as conventional or inverted,
depending on the orientation of the electrodes. [77] In the conventional geometry, a
transparent conductive layer on a transparent substrate is used as anode. Typically, ITO
coated glass substrates are used for this purpose. An electron blocking layer such as
PEDOT:PSS is applied before coating the BHJ layer on top. A thin film of a material,
acting as hole-blocking layer, such as LiF is applied to enable selective charge extraction.
A metal such as aluminum is evaporated on top to act as cathode. In contrast, in an
inverted device geometry, the ITO coated glass substrate acts as cathode, whereas the
metal electrode acts as anode. [99] Thus, also the electron and hole blocking layers have
to be inverted. Organic solar cells based on an inverted device geometry can obtain
high PCEs and show a higher stability compared to standard geometry devices. [32,100]
Therefore, for all organic solar cells fabricated in the context of this thesis, an inverted
geometry was applied. A typical device stack for an inverted organic solar cell is shown
in Figure 2.2. A transparent substrate with high conductivity is used as cathode. Due
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to the high transparency of the material, sunlight is transmitted through the electrode
and can reach the active layer, where the photons are absorbed by the polymer. In this
thesis, ITO coated glass substrates were used as cathode and substrate for printing due
to their high transparency, good adhesiveness to polymer thin films and compatibility
with solution-processing methods such as meniscus guided slot-die coating. However, for
roll-to roll production of light-weight and mechanically flexible photovoltaics, transparent
foils coated with a conductive layer are more suitable substrates. [19, 101,102] In inverted
organic solar cells, thin oxide films, such as ZnO or TiO2, are applied as hole blocking layers
to improve the electron extraction efficiency. [35,103] In this thesis, ZnO was deposited via
spin-coating. The active layer of an organic solar cell is based on a conjugated donor and
a small molecule acceptor, forming a BHJ structure. The morphology can be further tuned
by solvent additives as shown in this thesis (Chapter 6). In an ideal case, the thickness
of the active layer should be about 100 nm to enable efficient absorption of sunlight on
the one hand and a short distance to the electrodes on the other hand. [35] As active
materials are solution-processible, the lab-scale method spin-coating as well as up-scalable
thin film deposition methods, such as printing and spraying, can be applied. [104, 105]
In this thesis, all active layers are slot-die coated and the process of film formation was
studied in detail (Chapter 5). Thin films of MoO3 are evaporated on top of the active layer
to act as electron blocking layers and to allow selective charge extraction. In this thesis,
thin films based on Al are evaporated on top to act as anode. In order to fabricate fully
transparent organic solar cells, transparent top electrodes such as thin graphene single
layers, can be applied. [106,107]

2.1.2. Working Principle and Loss Mechanisms

Working Principle

In Figure 2.3, the energy conversion mechanism [76, 77, 108] in an organic solar cell is
illustrated from a kinetic point of view (left) and as a simpified energy diagram (right).
The process of energy conversion occurs in five steps. First, a photon is absorbed by
the polymer donor, causing the generation of a strongly bound electron-hole pair, called
exciton (Figure 2.3I). The generated exciton moves towards the donor:acceptor interface
(Figure 2.3II), where exciton dissociation into free charge carriers occurs (Figure 2.3III).
The electron is transferred from the donor to the acceptor, whereas the hole remains at
the donor polymer. Electron and hole move towards the cathode or anode (Figure 2.3IV),
respectively, where the photocurrent is extracted (Figure 2.3V). In the following, the five
steps of energy conversion are described in more detail.
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Figure 2.3.: Energy conversion mechanism in an organic solar cell shown from a kinetic point of
view (left) and as simplified energy diagram (right): (I) photon absorption and generation of an
exciton, (II) exciton diffusion towards the interface, (III) dissociation at the donor (blue):acceptor
(orange) interface and separation of the electron–hole pair, (IV) charge carrier transport towards
the corresponding electrodes, and (V) extraction of the generated photocurrent at the anode (gray)
and the cathode (dark blue). Blocking layers (bright gray) are introduced between electrodes to
achieve selective contacts for charge extraction. Reproduced from [K. S. Wienhold, X. Jiang,
and P. Müller-Buschbaum, “Organic Solar Cells probed with Advanced Neutron Scattering
Techniques,” Appl. Phys. Lett., vol. 116, no. 12, p. 120504, 2020.], with the permission of AIP
Publishing.

I. Absorption of Photons and Exciton Generation

The energy conversion in an organic solar cell starts with absorption of a photon by the
donor. In order to absorb the incoming light, the energy of the photon has to match or
exceed the optical bandgap of the polymer. The optical bandgap is given by the energy
gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). If a photon is absorbed, an electron can be excited from the
HOMO to the LUMO and an electron-hole pair is generated in the donor polymer. With
increasing conjugation length, the optical bandgap becomes smaller, which is favorable for
application in organic solar cells as the sun spectrum can be exploited more efficiently. In
addition, a broad absorbance spectrum of the donor as well as a high molar extinction
coefficient are beneficial.
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II. Diffusion towards the Donor:Acceptor Interface

After exciton generation in the donor polymer, the electron-hole pair diffuses to the
donor:acceptor interface. The exciton has to reach the interface within the exciton lifetime
before recombination of the electron-hole pair occurs. Therefore, the distance to the
donor:acceptor interface has to be smaller than the exciton diffusion length. The exciton
diffusion length is the distance, the electron-hole pair can diffuse within its lifetime, and is
typically in the range of some tens of nanometers. [109, 110] Therefore, BHJ structures
with polymer domain sizes in this range are favorable as exciton diffusion to the interface
is facilitated.

III. Exciton Splitting at the Donor:Acceptor Interface

As typical exciton binding energies in organic solar cells are in the range of 0.3–1.0 eV,
thermal energy is not sufficient to achieve exciton dissociation. [92,111] Therefore, efficient
exciton splitting can only occur at the donor:acceptor interface, where an electric field
and material disorder facilitate exciton splitting. [112] Exciton dissociation has to occur
within the exciton lifetime before recombination of electron and hole occurs. The offset
between the LUMO levels of the donor and the acceptor will drive the formation of a
charge transfer state, where the electron will be transferred to the acceptor molecule,
whereas the hole remains at the polymer donor. [113] In the charge transfer state, electron
and hole are located within neighboring molecules at the donor:acceptor interface and
attract each other by Coulomb forces. With increasing distance, the Coulomb binding
energy V of the exciton decreases as described by [114,115]

V = e2

4πεoεrr
, (2.1)

with r being the separation distance between electron and hole, e being the fundamental
charge of the electron, εo being the permittivity of free space and εr being the dielectric
constant of the polymer.

In organic solar cells, exciton splitting occurs at the donor:acceptor interface and depends
critically on the interface area. [93] Therefore, BHJ structures with small domain sizes
and high interface-to-volume ratio have a favorable effect on the device performance. If
the distance between the positive and negative charge carriers becomes larger than the
Coulomb capture radius, complete charge separation can take place, forming a charge-
separated state with free charge carriers.
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The Coublomb capture radius rc is given by [113]

rc = e2

4πεoεrkBT
, (2.2)

with kB being the Boltzmann constant and T being the temperature, at which the
Coulomb-binding energy between the electron and the hole equals the thermal energy.

IV. Charge Transport towards the Electrodes

After exciton splitting, the electron diffuses towards the cathode, whereas the hole diffuses
towards the anode. To reduce recombination of charge carriers in proximity to the
electrodes, blocking layers are introduced between the active layers and the electrodes. [92]
An electron blocking layer hinders the electrons to reach the anode, whereas a hole blocking
layer impedes hole transport towards the cathode.

V. Extraction of Photocurrent

The generated photocurrent is extracted at the anode and the cathode of the device.

Loss Mechanisms

In order to optimize the solar cell performance, potential loss mechanisms have to be
inhibited as far as possible. [76, 92, 113] Loss mechanisms can occur at every step of
energy conversion in the organic solar cell. Exciton recombination can occur directly after
photon absorption if the distance to the donor:acceptor interface is larger than the exciton
diffusion length. Moreover, recombination can also occur after exciton dissociation. In
particular, the presence of defects, which usually have a lower charge carrier mobility than
the surrounding molecules, can contribute to recombination by slowing down or hindering
charge transport. In addition, charge trapping in islands can occur in the presence of very
small domains, which often lack a connection to an electrode. Furthermore, when donor
domains are connected to the cathode or acceptor domains are connected to the anode,
charge carriers reach the wrong electrode and cannot contribute to the photocurrent. This
loss mechanism can be avoided by introducing blocking layers, enabling a selective contact.
Therefore, in order to improve the solar cell performance, an optimized morphology and
a homogeneous active layer without defects has to be achieved. Therefore, the thin film
deposition conditions have to be controlled. Thus, the choice of solvent or solvent additive
matters as well as the donor:acceptor ratio and the processing temperature. [116–121]
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2.1.3. Degradation Pathways

Degradation of organic solar cells can occur via chemical or physical pathways. [71]
Chemical degradation takes place when reactive molecules, such as water or oxygen,
undergo a chemical reaction with a component of the organic solar cell, such as the
active layer or the electrodes. In contrast, an unfavorable change of the BHJ morphology
under illumination, occuring in absence of chemical reactions, is referred to as physical
degradation.

Chemical Degradation

Chemical degradation can occur in the active layer, the blocking layers and the electrodes
of organic photovoltaics. Air humidity as well as oxygen can provoke degradation by
undergoing chemical reactions with important components of organic solar cells. Illumina-
tion amplifies the degradation of device performance by several pathways. Oxygen and
water can diffuse through the outer electrode and reach the active layer. [122, 123] In
presence of organic molecules, oxygen can be activated by UV light and form superoxide
anions or hydrogen peroxide, which can attack the active material. [71] The undergoing
chemical reactions affect the degree of conjugation and therefore, the absorbance as well
as the charge transport along the polymer backbone. [124] Moreover, decomposition
of nonfullerene small molecule acceptors can be initiated by photocatalytic activity of
ZnO under UV illumination. [125] In addition, photochemical formation of carbonyl
and carboxylic groups, acting as electron traps, or reversible p-doping of the BHJ with
oxygen, provoking the formation of immobilized superoxide anions, can reduce the elec-
tron mobility, hinder electron extraction and decrease the photocurrent. [126] Chemical
reactions can shift the energy levels of the active materials and therefore, decrease the
VOC, which is determined by the energy difference between the donor HOMO and the
acceptor LUMO. [127] Besides decomposition of the active layer, also chemical degradation
of electrodes has to be considered. In a conventional device geometry, using PEDOT:PSS
(Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)) as electron blocking layer, the
acidic species PSS can induce etching of the ITO electrode. [128, 129] In addition, PE-
DOT:PSS is hygroscopic. As the PSS reacts with water, the interface area between the
active layer and the electrode will be reduced, causing a reduction of JSC and FF simul-
taneously. Furthermore, in both inverted and conventional solar cells, diffusion of water
through pores of the aluminum electrode can cause metal oxide formation at the interface
between active layer and electrode. [122,130] The insulating Al2O3 acts as charge blocking
layer, hindering charge extraction and thus, decreases the device peformance. Chemical
degradation pathways can be reduced significantly by encapsulation of the devices.



2.1. Organic Solar Cells 15

Physical Degradation

Illumination of organic solar cells provokes altering of the BHJ morphology and degradation
of device performance. The degree of donor-acceptor intermixing has a strong impact on
the charge transport and recombination of charge carriers. Thus, a lack of demixing of
donor and acceptor provokes recombination losses and a decrease in FF. [76] Structure
shrinkage can decrease the JSC by charge trapping in islands. [31, 131, 132] In contrast,
structure coarsening can cause a reduction of the interface-to-volume ratio. [74] Therefore,
the exciton splitting probability and the extracted JSC decrease. Increasing distances
between donor domains provoke a reduction of the active area per unit cell area given
by the polymer domain size and the interdomain distances, respectively. [70] Physical
degradation, in particular by structure coarsening, increases with rising temperature. For
temperatures above the glass transition temperature of the polymer, the clustering of
active material and the reduction of JSC can be described by a model based on Ostwald
ripening. [121, 133] Ostwald ripening starts with formation of a nucleus, growing by
attachment of surrounding molecules or small particles, diffusing towards the nucleus. The
driving force for this phenomenon is the reduction of interface energy by formation of
larger clusters. This process is accelerated at higher temperatures and is described by the
Arrhenius equation [121,134]:

kdeg = Aexp
(−Ea
kBT

)
, (2.3)

with kdeg being the degradation constant, A being an experimental constant, Ea being the
activation energy in [eV], which is usually about 300–350 meV, kB being the Boltzmann
constant (8.62 ·10−5 eV/K) and T being the temperature in [K].

As physical degradation can occur even in absence of reactive species, such as oxygen or
air humidity, this degradation pathway cannot simply be prevented by encapsulation of
the devices. In order to reduce unfavorable altering of the BHJ structure, the use of block-
copolymers, forming a well-defined and more stable structure as well as cross-linking of the
BHJ can be beneficial. [135–137] However, to overcome the drawback of photodegradation
under operation, further research has to be carried out to understand the degradation
mechanism of organic solar cells, which is also addressed in this thesis (Chapter 7).
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2.2. Slot-Die Coating

2.2.1. Basic Principles and Parameters

On the way to commercialization of organic photovoltaics, up-scaling of the thin film
deposition process has to be realized to enable an industrial large-scale production. Printing
techniques, such as doctor blading, inkjet printing or meniscus guided slot-die coating,
are promising techniques to overcome the up-scaling challenge and to allow a large-area,
low-cost production of organic solar cells. [48–50] In this thesis, a meniscus guided slot-die
coating technique [60], which is compatible with a roll-to-roll production process, is used to
print active layers for application in organic solar cells. Basic components and adjustable
parameters of a meniscus guided slot-die coater are illustrated in Figure 2.4.

Figure 2.4.: Sketch of a meniscus guided slot-die coater in side view. A solution with concentra-
tion c is pumped with a constant flow rate f by a syringe pump and guided through a meniscus
guide mask and a shim mask. The geometry of the masks defines coating width w and meniscus
guide lenght l. The printer head is mounted at a certain height h above the substrate. The
substrate is placed on a sample holder with built-in temperature control unit to enable printing
at a defined temperature T . A motor moves the sample holder with a constant velocity v to
enable thin film deposition of solution-processible materials.

The active materials are dissolved in an appropriate solvent prior to slot-die coating the
active layer. During printing, the solution is pumped by a syringe pump and guided
through a meniscus guide mask and a shim mask, which are mounted inside the printer
head. The substrate is placed on a sample holder, moving with a constant velocity. To give
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a homogeneous film without coating defects, such as ribbing, air entrainment or formation
of breaklines, as well as to achieve a final dry film thickness favorable for application in
organic solar cells, all parameters have to be optimized. [138,139]

The adjustable parameters as illustrated in Figure 2.4 are

• c: concentration of the solution
• f : flow rate
• v: printing velocity
• h: height (distance between meniscus guide mask and substrate)
• w: coating width (width of masks)
• T : temperature of the substrate
• l: meniscus guide length.

The influence of the applied slot-die coating parameters on the final dry film thickness
ddry is given by [140]

ddry = k
lfcv2/3

Twρdry
, (2.4)

with k being a proportionality constant, which has to be exerimentally determined for
each system and ρdry being the density of the dry film.

2.2.2. Wetting Behavior and Coating Window

The homogeneity of the final dry film depends not only on the printing parameters but
also on the wetting behavior of the solution on the substrate (Figure 2.5).

Figure 2.5.: Sketch of a sessile droplet on a solid surface. (a) spreading (Θ = 0°), (b) wetting
(0° <Θ< 90°), (c) incomplete wetting (Θ = 90°), (d) dewetting (90° <Θ< 180°) as well as
(e) complete dewetting (Θ = 180°).
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For defect-free printing of homogeneous thin films, attractive interactions between solution
and substrate are favorable to prevent the formation of coating or drying defects. Wetting
or dewetting of a solution on a substrate (Figure 2.5) is determined by the free surface
energy and the interfacial free energies, which determine the inherent contact angle.
The contact angle Θ of a sessile droplet on a solid surface is determined by the surface
tension σS of the solid component, the surface tension σL of the liquid component and
the interfacial tension σSL between the solid and the liquid (Figure 2.5) as described by
Young’s equation [141,142]:

cosΘ = σS−σSL
σL

. (2.5)

For a contact angle of 0°, spreading occurs (Figure 2.5a). A contact angle of < 90° implies
wetting (Figure 2.5b). Above a contact angle of 90° (Figure 2.5c), dewetting occurs
(Figure 2.5d), whereas for a contact angle of 180°, no wetting occurs (Figure 2.5e).

For meniscus guided slot-die coating, adhesive wetting of polymer solution on the substrate
is required to ensure complete and homogeneous covering of the substrate. However,
complete spreading of the solution on the substrate can provoke spilling the liquid over the
edges of the substrate. The contact angle depends on the hydrophilicity or hydrophobicity
of the substrate surface, which can be tuned by applying a suitable cleaning procedure. [143]
In order to print homogeneous thin films, a stable coating process is necessary as adhesive,
cohesive and surface tension forces have to oppose gravitation to stabilize the meniscus.
Therefore, suitable parameters have to be applied.

The range of printing parameters, allowing defect-free printing, is called coating win-
dow. [144] For industrial applications, a high printing velocity is favorable as it allows
fabricating large-area thin films in short time. Unfortunately, the film thickness is corre-
lated to the printing velocity and cannot be chosen arbitrarily as inertial forces and elastic
forces influence the coating process. Therefore, in order to achieve a specific film thickness
and avoid wetting failure, the velocity has to be adjusted accordingly. To determine the
operation limits of slot-die coating, which are important in order to optimize industrial
thin film fabrication, dimensionless numbers have to be considered. To describe the process
of slot-die coating, the Capillary number Ca, representing the ratio of viscous forces of
the solution to surface tension forces, and the Reynolds number Re, representing the ratio
of inertial forces of the coating solution, effusing from the slot, to viscous drag forces, are
most important. [145]
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The Capillary number is defined as

Ca≡ ηv

σ
, (2.6)

with η being the dynamic viscosity of the coating solution, v being the printing velocity
and σ being the surface tension of the coating solution.

The Reynolds number is defined as

Re≡ ρvh

η
, (2.7)

with ρ being the density of the solution, v being the printing velocity, h being the height
of the meniscus guide mask and η being the dynamic viscosity of the solution.

Depending on the Capillary or Reynolds number, which are proportional to the printing
velocity, three different regions of minimum wet film thickness exist (Figure 2.6 a,b). [146]
The dimensionless mininum wet film thickness ddl is defined as

ddl ≡
dmin,wet

h
, (2.8)

with dmin,wet being the minimum wet film thickness for stable coating and defect-free
printing for a specific coating velocity.

In region I, the minimum wet film thickness increases with increasing Re or Ca. [144]
In this region, surface tension forces are significant and the minimum wet film thickness
increases with increasing printing velocity. In region II, the minimum wet film thickness is
independent of Re or Ca as viscous forces dominate. Above a critical Reynolds number,
which was found to be about 20 [144, 146], the minimum wet thickness decreases with
increasing Re or Ca. In region III inertial forces dominate, which stabilize the coating
bead. Therefore, the minimum wet film thickness decreases with increasing printing
velocity. Printing parameters, which yield a film thickness above the minimum wet film
thickness, enable a defect-free slot-die coating (Figure 2.6c, green area). In contrast,
printing parameters, which would yield a wet film thickness smaller than the minimum
wet film thickness, will provoke wetting failure and formation of defects (Figure 2.6c,
red area). [144] In Figure 2.6d–f, the dependency of the minimum wet film thickness on
the printing velocity and flow rate is shown for the surface tension, viscous and inertial
region, respectively. In Figure 2.6g–i, the coating window, allowing defect-free printing, is
illustrated for region I, II and III, respectively. The lower boundary of the coating window
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(bright green line) gives the minimum wet film thickness or lower flow limit. The upper
boundary (dark green line) corresponds to the maximum wet film thickness, allowing
defect-free printing. However, for industrial application, the miminum wet film thickness
or lower flow limit is much more important as it determines the productivity of the coating
process. Above a critical printing velocity (red line), wetting failure occurs independently
from the flow rate. In this thesis, the coating window was determined experimentally
before thin film deposition. For all thin films printed in the context of this thesis, optimized
parameters, enabling stable processing, were applied (Section 4.3).

Figure 2.6.: Plots illustrating three regimes of minimum wet thickness and the coating windows for
different dimensionless numbers and printing velocities (Image inspired by graphs from [144,146]).
Dimensionless minimum wet thickness versus (a) Capillary and (b) Reynolds number is given.
Different regimes of minimum wet thickness are labeled with I–III. (c) The range of parameters,
provoking stable (green area) or unstable processing (red area), is shown. Dimensionless minimum
wet thickness versus printing velocity is shown for (d) regime I, (e) regime II and (f) regime III.
The dependency of the coating window (green area) on the flow rate and printing velocity is
shown for (g) regime I, (h) regime II and (i) regime III. Above a critical printing velocity (red
line), stable processing is no longer possible.
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2.3. X-ray Scattering

2.3.1. Basic Concepts

X-ray scattering techniques are based on the interaction of an electromagnetic wave with
electrons in the sample under investigation. The electric field vector ~E(~r) as a function of
the position vector ~r with r = (x,y,z) is given by [147]

~E(~r) = ~E0exp(i~ki ·~r), (2.9)

with ~E0 being the polarization dependent amplitude, ~ki being the wave vector and
k =

∣∣∣~ki
∣∣∣= 2π

λ being the modulus.

Figure 2.7.: Illustration of different scattering geometries. An incoming wave is reflected at the
sample surface. (a) In case of specular in plane reflection, the final angle of the reflected wave
in respect to the sample surface equals the incident angle, whereas for (b) diffuse out of plane
scattering the final angle differs from the incident angle.

In Figure 2.7, basic scattering geometries are illustrated. The incoming beam with a wave
vektor ~ki impinges onto the sample under an angle αi. The beam enters the sample or
is reflected on the surface. The final, reflected beam can be described by the wave vector ~kf .

The exit angle is referred to as αf . The scattering vector ~q gives the difference between
the incident wave vector ~ki and the scattered wave vector ~kf as expressed by [148]

~q = ~kf − ~ki. (2.10)
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In case of specular reflection (Figure 2.7a), the scattering event occurs within a two-
dimensional plane (xz-plane) and the incidence angle equals the exit angle (αi = αf).
In contrast, for diffuse scattering (Figure 2.7b), scattering occurs out of plane with a
non-neglegible momentum transfer in y direction under the angle Ψ. For diffuse scattering
geometry, the final angle differs from the incidence angle (αi 6= αf). For elastic scattering,
which is assumed for all scattering experiments performed in the context of this thesis,
the energy is conserved during the scattering event and

∣∣∣~kf
∣∣∣= ∣∣∣~ki

∣∣∣= k.

The propagation of an electromagnetic wave through a medium is described by the
Helmholtz equation [147]

∆ ~E(~r) +k2ñ2(~r) ~E(~r) = 0, (2.11)

with ñ2(~r) being the position dependent refractive index.

The complex refractive index can be described by a dispersion δ(~r) and an absorption β(~r)
component and is given by [147]

ñ(~r) = 1− δ(~r) + iβ(~r). (2.12)

The dispersion δ(~r) can be expressed by [147]

δ(~r) = λ2

2πreρe(~r)
N∑
j=1

f0
j +f ′j(E)

Z
, (2.13)

and the absorption component β(~r) is defined as [147]

β(~r) = λ2

2πreρe(~r)
N∑
j=1

f ′′j (E)
Z

. (2.14)

The classical electron radius

re = e2

4πε0mec20
(2.15)

is referred to as the Thompson scattering length with e being the elementary charge of an
electron, ε0 being the permittivity of free space, me being the mass of the electron and c0

being the speed of light in vacuum. The term ρe(~r) is referred to as the electron density

as a function of spatial coordinates (x,y,z). Furthermore, the term Z =
N∑
j=1

Zj gives the

total number of electrons with Zj denoting the number of electrons per species j.
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The atomic form factor fj gives the forced oscillator strength of the electrons of the
respective atom and is given by

fj = f0
j +f ′j(E) +f ′′j (E), (2.16)

with f ′j(E) and f ′′j (E) being dispersion and absorption corrections for the respective
radiation energy E. [147]

For small incidence and exit angles, ~q is small and f0
j can be approximated to be f0

j ≈ Zj .
For f ′j(E)� f0

j , the dispersion δ(~r) simplifies to [147,149]

δ(~r) = λ2

2πρe(~r). (2.17)

The absorption β(~r) can be expressed by

β(~r) = λ

4πµ(~r), (2.18)

with µ(~r) being the material-specific, linear absorption coefficient.

Thus, in combination with the assumption of a homogeneous medium and absence of
absorption edges, the complex refractive index ñ can be expressed in a position independent
form as given by [147,149]

ñ= n+ iβ = 1− λ2

2πreρe + i λ4πµ, (2.19)

with n being the real part of the complex refractive index given by n= Re(ñ) = c0
cM

with cM
being the velocity of light in the medium and β = Im(ñ) being the absorption coefficient
and the imaginary part of the refractive index. Furthermore, ρe is the electron density
and µ is the absorption coefficient.

If two materials can be distinguished by scattering techniques depends on the difference in
refractive indices of the materials under investigation. The scattering contrast

∣∣∣∆∣∣∣2 can be
expressed by [150]

∣∣∣∆∣∣∣2 = δ2 +β2. (2.20)
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For an uniform electron density, the scattering length density (SLD) is given by [151]

SLD = neρeNAre
Mw

, (2.21)

with ne being the number of electrons in a molecule, ρM being the mass density, NA the
Avogadro constant and Mw the molar mass.

At incidence angles below the critical angle (αi < αc), total reflecion occurs and only
surface related information is obtained. In order to investigate the inner structure, an
incidence angle above the critical angle has to be applied. Yoneda discovered a significantly
enhanced scattering intensity at the critical angle, originating from a maximum of the
Fresnel coefficients. [151,152] At the scattering intensity maxima, which is referred to as
the Yoneda region, material sensitive information can be obtained as the critical angle is a
material-specific property. For hard X-rays (E > 5 keV), the refractive index is smaller
than unity and the X-ray beam is reflected at the interface between the medium of higher
density (air) and the medium of lower density (investigated sample). For an incident angle
which equals the critical angle of the medium (αi = αc), the transmitted wave propagates
along the sample horizon (αt = 0) and total external reflection is observed. The reflection
is described by Snell’s law given by [149]

cos(αt) = n0
n

cos(αi), (2.22)

with αi being measured in respect to the interface, n being the refrective index of the
medium, n0 being the refrective index of the surrounding atmosphere and αt being the
angle of the transmitted wave with respect to the interface.

For αi = αc, αt = 0 and n0 = 1 for air, the equation can be written as

cos(αc) = n= 1− λ2

2πreρe = 1− λ2

2πSLD. (2.23)

Applying the small angle approximation according to the Taylor series (cos(αc) = 1− α2
c

2 ),
the equation can be resolved to [147,149]

αc = λ

√
SLD
π

. (2.24)
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2.3.2. Grazing Incidence Small-Angle X-ray Scattering

Small angle X-ray scattering experiments are performed in grazing incidence geometry to
investigate amorphous structures in the BHJ layer of organic solar cells. In this thesis,
incidence angles above the critical angle of the material (αi >αc) are applied, which allows
probing the full film thickness. Grazing incidence geometry (αi < 1°) enables to investigate
a larger film volume. According to Figure 2.7, the scattering vector ~q = ~kf − ~ki can be
described as [151,153]

~q = 2π
λ


cos(αf)cos(Ψ)− cos(αi)

cos(αf)sin(Ψ)
sin(αi) + sin(αf)

 . (2.25)

In scattering experiments in grazing incidence geometry, additional reflection events can
occur at sample or substrate interfaces. To take these influences into account, the Born
approximation is extended with first-order corrections. [151, 154] In the distorted wave
Born approximation (DWBA), the incoming wave is approximated as a combination of
a direct wave (Figure 2.8a) and a reflected one (Figure 2.8b). In addition, the outgoing
wave is assumed to be a superposition of a directly scattered wave (Figure 2.8a) and
a scattered wave, which is subsequently reflected at an interface (Figure 2.8c). Also a
combination of these events with reflection at an interface, scattering at the object and
another subsequent reflection is considered in the DWBA (Figure 2.8d). The probability
for a scattering event to occur, and therefore, the differential cross section dσ

dΩ of diffuse
scattering, is given by [148,155]

dσ
dΩ = Aπ2

λ4 (1−n2)2
∣∣∣Ti
∣∣∣2 ∣∣∣Tf

∣∣∣2P (~q), (2.26)

with σ being the cross section of all events, Ω being the solid angle and A being the
illuminated area. Ti and Tf are the Fresnel transmission coefficients for the incident and
final beam, respectively, and P (~q) is the scattering factor, containing information on the
lateral film structure.

Therefore, scattering intensity depends strongly on the Fresnel transmitivity, which has
its maximum at the critical angle of the material. High scattering intensity is observed
when the beam exits under an angle, which equals the critical angle of the medium under
investigation. As the size of real scattering objects varies around a mean value, several
approximations are necessary. For polydispers domains, an effective average form factor has
to be introduced by applying the local monodisperse approximation (LMA, Figure 2.9a) or
the decoupling approximation (DA, Figure 2.9b). [156] In the LMA, monodisperse domains
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Figure 2.8.: Simplified graphical representation of scattering and reflection events taken into
account in the DWBA, a first-order pertubation theory (Image inspired by a graph from [154]).
The incoming beam is (a) scattered directly at the scattering object or (b) reflected at an
interface before being scattered. (c) The outgoing beam can be scattered before being reflected.
These scattering and reflection events can occur subsequently with (d) the beam being reflected,
scattered and again reflected.

are assumed. Thus, kind and location of all scattering centers are strongly correlated. In
contrast, size and position of scattering objects are not correlated in the DA. In this thesis,
a model based on the LMA is applied to describe GISAXS data (Figure 2.9c). Structures
are assumed to be standing cylinders with three different structure sizes, co-existing in
the thin film. Furthermore, structures of a similar size form locally nearly monodisperse
domains. However, on a mesoscopic scale, different structure sizes can be present, but
it is assumed that objects with different form and structure factors do not interact with
each other. The effective interface approximation (EIA) allows further simplification to
model scattering data. [151] According to the EIA, scattering objects are assumed to have
only one specific surface. Thus, only lateral interactions are considered and radius and
height of the scattering objects can be decoupled. In polymer physics, GISAXS data are
usually described with a model based on a combination of the DWBA, the LMA and the
EIA. [31,70,97]
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Figure 2.9.: Illustration of common approximation models for scattering factors. Scattering
centers are represented by standing cylinders. Small (green), medium (blue) and large (black)
structures are assumed to co-exist in the medium. (a) In the LMA, size and position of scattering
objects are correlated and monodisperse domains are spatially separated. (b) In the DA, size and
location of scattering objects are independent from each other. (c) In this thesis, a model based
on the LMA with nearly locally monodisperse domains, which change on a mesoscopic scale, is
assumed.

Data analysis can occur via modeling the complete GISAXS scattering pattern using
specific software or by simply modeling a horizontal line cut performed at the critical angle
of the material. [31, 157,158] The full scattering function is represented by an incoherent
superpositon of individual scattering events of different types of scattering objects j, which
can be treated individually. The diffuse scattering factor P (~q) according to the DWBA
and the LMA is approximated by [155]

P (~q)∝NF (~q)S(~q), (2.27)

with N being the number density of scattering objects. The form factor F (~q) gives the
Fourier transform of the electron density distribution. The structure factor S(~q) refers to
the center-to-center distance of two neighboring structures of equal size. [159]

Scattering centers can be described with geometrical shapes, such as cylinders, spheres,
ellipsoids or prisms. [158, 160] In this thesis, a cylindrical shape is assumed, which is a
common approach in to model polymer thin films. [31, 70,97] For a cylindrical scattering
object with volume V = πR2H, with R being the radius and H being the height, the form
factor can be expressed by [151,155]

Fcylinder(q,R,H) = 2πR2H
J1(qrR)
qrR

sin
(
qzH

2

)
exp

(−iqzH
2

)
, (2.28)

with qr =
√
q2
x+ q2

y being the lateral component. J1(qrR) is a Bessel function of first order,
describing intensity modulations in qy direction. [151] For well-defined object radii, these
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modulations can be very pronounced. In contrast, for samples with high polydiversity,
these modulations are smeared out.

According to the EIA, contributions from vertical scattering intensity can be neglected
and the equation simplifies to

∣∣∣F (qy, qz ≈ 0)
∣∣∣2 ≈ (RJ1(qy,R)

qy

)2
. (2.29)

For a one-dimensional paracrystalline arrangement of scattering objects with Gaussian
distributed average interdomain distance, the structure factor according to Hosemann is
given by [156,161,162]

S(~q) = 1−Φ(~q)2

1 + Φ(~q)2−2Φ(~q)cos(
∣∣∣q∣∣∣D)

, (2.30)

with Φ(~q) = exp(πσ2
∣∣∣~q∣∣∣2). D refers to the average interdomain distance with standard

deviation σ.

Assuming a cut at constant qz, the equation simplifies to

S(qy, qz ≈ 0) =
1− exp(πσ2q2

y)2

1 + exp(πσ2q2
y)2−2exp(πσ2q2

y)cos(qyD) . (2.31)

2.3.3. Grazing Incidence Wide-Angle X-ray Scattering

In this thesis, grazing incidence wide-angle X-ray scattering (GIWAXS) experiments are
performed to probe crystalline structures in the active layer. [127, 148] Information on the
subnanometer scale is revealed and scattering is dominated by periodicity of the lattice.
In crystals, single atoms, ions or molecules act as scattering centers and form a periodic
structure, which can be probed with GIWAXS. The incoming wave with wave vector ki

impinges onto the sample under an angle θ = αi = αf . For elastic in plane scattering, the
wave vector kf of the reflected wave is reflected under an angle, which is equal to the
incident angle. The observed scattering intensity originates from constructive interference
of scattered waves. In a crystal, waves are scattered from lattice planes separated by the
distance dhkl with hkl being the Miller indices. [163] In Figure 2.10, scattering in real
space according to the Bragg condition is illustrated.
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Figure 2.10.: Illustration of the Bragg condition. The incoming wave (red) is reflected at a
scattering center (gray sphere). The reflected wave leaves the sample under an angle θ, which
equals the incident angle. Constructive interference occurs when the difference of path length
∆S/2 (bright blue) of two waves is equal to the distance dhkl (green) between the lattice planes.

When scattered waves remain in phase, constructive interference occurs. Therefore, the
difference in path lengths of two waves ∆S (Figure 2.10, blue) has to be equal to the
wavelength or an integer multiple. ∆S can be calculated by the simple trigonometric
function

∆S/2
dhkl

= sin(θ). (2.32)

Constructive interference occurs when the Bragg condition is fulfilled. The Bragg equation
is given by [163]

2dhklsin(θ) = nλ, (2.33)

with n being an integer multiple and λ being the wavelength of the incoming X-ray beam.

The Bragg condition can be extended to the Laue condition in three dimensions. According
to Laue, constructive interference occurs when the change of wave vector ∆~k is equal to a
reciprocal lattice vector ~Q as given by [164]

∆~k = ~kf − ~ki = ~q = ~Q, (2.34)
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and

~Q= h~a1 +k ~a2 + l ~a3, (2.35)

with ~a1, ~a2 and ~a3 being the reciprocal lattice vectors and h, k, l being the Miller Indices.
The reciprocal lattice is the Fourier transform of the real space crystal lattice and refers
to the complete set of wave vectors that contribute to scattering. A scattering signal can
be observed when the Laue condition is fulfilled. This can be illustrated by the Ewald
construction (Figure 2.11), connecting real space and reciprocal space. [151,165]

Figure 2.11: Illustration of the Ewald
sphere. Constructive interference occurs
when the difference between scattered
wave vector and incident wave vector
equals a reciprocal lattice vector (blue).
The Laue condition is fulfilled when a re-
ciprocal lattice point (gray circles) touches
the Ewald sphere (green).

An incoming beam is reflected at a scattering center in real space (Figure 2.11, black
cross), which refers to as the center of a sphere with radius

∣∣∣ki
∣∣∣ (Figure 2.11 green circle).

The entirety of every possible pair of ~ki and ~kf describes a sphere, the Ewald sphere.
Diffraction peaks can be observed when a reciprocal lattice point (Figure 2.11 gray circles)
touches the sphere. The Bragg peaks observed with GIWAXS allow estimating lattice
spacing, crystal size, orientation as well as overall crystallinity, which is proportional to
the scattering intensity.

The crystal orientation can be estimated by the shape and orientation of the scattering
signal (Figure 2.12). [148, 153] In crystals, segments of polymer chains are folded together
to align parallely (Figure 2.12 inset, polymer chains illustrated with blue color). However,
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Figure 2.12.: Illustration of different lamellae orientations in a thin film and the corresponding
GIWAXS scattering signal (Figure inspired by a graph from [148]). (a) For well ordered, vertically
stacked lamellae, Bragg peaks along the qz axis are observed. (b) For lamellae with vertical and
horizontal orientation, Bragg peaks appear along the qz and qr axis. (c) For lamellae stacking
with rotational disorder, broadening of Bragg peaks is observed. (d) For full rotational disorder,
scattering rings are observed.

in semi-crystalline polymers, such as common donor materials for organic solar cells, the
polymer does not fully crystallize. Thus, segments of polymer chains are not built into the
crystal and remain amorphous. Crystals can arrange and form superior structures, such
as lamellae (Figure 2.12 inset, red cuboid) or spherulites. [166] In Figure 2.12, different
lamellae orientations and the corresponding GIWAXS scattering pattern are illustrated.
For face-on orientation with lamellae being vertically stacked and well ordered without any
rotational disorder, the observed Bragg peaks are nearly one-dimensional and appear along
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the qz axis (Figure 2.12a). If both face-on and edge-on orientated lamellae are present, the
scattering signal will be observed along the qz and the qr axis (Figure 2.12b). Rotational
disorder broadens the Bragg peaks (Figure 2.12c). In case of full rotational disorder,
fully developed scattering rings are observed (Figure 2.12d). In face-on oriented lamellae
(Figure 2.12a, red), the polymer backbone is oriented edge-on towards the substrate and
thus, π−π stacking occurs parallel to the substrate, whereas the side chains are oriented
perpendicular to the substrate. In contrast, edge-on oriented stacking of lamellae refers to
face-on stacking of polymer backbone. Therefore, the π−π stacking occurs perpendicular
to the substrate with the side chains being oriented parallel to the substrate. Due to
anisotropic conductivity of the polymer, which is high along the backbone and in direction
of π−π stacking, face-on orientation of crystals is desired for application in organic solar
cells as the charge transport towards the electrodes is facilitated. [148]

The lattice spacing can be estimated by re-writing the Bragg equation to

dhkl = nλ

2sin(θ) = n2π
q
. (2.36)

A lower limit for the crystal size can be estimated by the Scherrer equation, which relates
the crystal size D to the line broadening of a Bragg reflex at half the maximum intensity
(FWHM), as expressed by [167,168]

D = Kλ

FWHMcos(θ) . (2.37)

K is the shape factor of the crystallite, which is often approximated by K = 0.93.

The FWHM is obtained by modeling the respective Bragg peaks in the azimuthal q integral
of the GIWAXS data with Gaussian functions. Generally, Gaussian functions f(x, x, σ2)
are probability density functions of a normally distributed random variable x, which are
expressed by [156]

f(x,x,σ2) = 1√
2πσ2

exp
(

(x−x)2

2σ2

)
, (2.38)

with x being the center of the Gaussian function and the mean value. σ2 is referred to as
the variance and the FWHM is given by FWHM = 2

√
2ln2σ ≈ 2.3548σ.



3 Sample Characterization

The following chapter introduces characterization methods applied in the context of this
thesis, to probe thin films. Basic principles of ultraviolet/visible light (UV/vis) spec-
troscopy, photoluminescence (PL) and external quantum efficiency (EQE) measurements
are discussed in Section 3.1. In Section 3.2, all device performance parameters necessary for
current-voltage (JV ) characterization of organic solar cells are introduced. In Section 3.3,
real space characterization methods, such as profilometry, optical microscopy, atomic force
microscopy (AFM) and scanning electron microscopy (SEM), are detailed. In Section 3.4,
structure investigation in reciprocal space is discussed. Thus, the advanced scattering
techniques grazing incidence small-angle X-ray scattering (GISAXS) and grazing incidence
wide-angle X-ray scattering (GIWAXS) are introduced.

3.1. Optical Characterization

UV/vis Spectroscopy

UV/vis spectroscopy is a characterization method, which allows probing the absorbance
or reflectance of samples with photons of different wavelengths in the UV/vis region. In
this thesis, all UV/vis spectroscopy measurements are performed in transmission geometry
to probe the absorbance of active materials in thin films and solutions. Absorption
can occur if the energy of the incoming photon is equal or larger than the energy of
the optical bandgap of the material under investigation (Ephoton = Eg). For photons,
which fulfill this condition, absorption occurs according to the Franck-Condon principle
(Figure 3.1). [169–171] Initially, the respective molecule is in the electronic (Figure 3.1,
S0) and vibronic (Figure 3.1, ν = 0) ground state. Upon absorption of a photon, the
molecule undergoes a transition into an electronically (Figure 3.1, S1) and vibrationally
(ν > 0) excited state. Both ground state and excited state are singlet states. As absorption
processes occur within femtoseconds [172], the transition is assumed to occur vertically

33
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without altering internuclear distances within the time span of the transition. [169] The
probability of this process depends on the overlap of vibrational wavefunctions of initial
and final state (Figure 3.1, red). [171]

Figure 3.1: Simplified energy diagram visu-
alizing the Franck-Condon principle. The
Displacement from equilibrium (r0) is illus-
trated with anharmonic oscillators. Initially,
the molecule is in the electronic and vibronic
ground state. Upon absorption of a pho-
ton, vertical transition into an electronically
and vibrationally excited state occurs (green
arrow). The probability for this transition
depends on the overlap of vibrational wave-
functions (red) of initial and final state. At
large internuclear distances, dissociation oc-
curs as indicated by the red arrow.

In an UV/vis absorption spectroscopy experiment, the sample is illuminated with photons
of different wavelengths (λ) and the transmitted light is detected. Absorbance A(λ) and
transmittance T (λ) according to the Lambert-Beer law can be expressed by [173,174]

A(λ) = lg
(
I0(λ)
I(λ)

)
=−lg(T (λ)), (3.1)

with I0(λ) and I(λ) being the intensity of incoming and transmitted light, respectively.

Due to absorption processes, light intensity decays exponentially on its way through the
medium and is given by [175,176]

I(λ) = I0(λ)exp(−µ(λ)d) , (3.2)

with µ(λ) being the material-specific, linear absorption coefficient and d being the path of
light through the medium (thickness of thin film or cuvette).
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Thus, the absorbance can be expressed by [175]

A(λ) = lg
(
I0(λ)
I(λ)

)
= 1

ln(10)µ(λ)d. (3.3)

Therefore, the material-specific absorption coefficient can be calculated by

µ(λ) = A(λ)
d

ln(10). (3.4)

For reflective samples, e.g. thin films, intensity losses due to total or partial reflection
of light from interfaces with different refractive indices become significant and therefore,
reflexion processes have to be taken into account. Thus, the absorbance A(λ) can be
expressed by [175]

A(λ) =−lg
(

T (λ)
I(λ)−R(λ)

)
, (3.5)

with R(λ) being the intensity of reflected light.

In this thesis, UV/vis spectroscopy is performed with thin films and in solution. In
addition, in situ measurements allow following the film formation of slot-die coated active
layers. A photograph of the in situ printing set-up is shown in Figure 3.2.

Figure 3.2: Photograph showing the
set-up used to perform in situ UV/vis
spectroscopy experiments. A light-
emitting diode is installed at the
bottom plate of the slot-die coater
and below the sample holder to en-
able UV/vis spectroscopy in trans-
mission geometry. The light path
is marked with a dashed, red arrow.
Reproduced with permission from Wi-
ley [177].

In order to probe the absorbance of thin films in situ during film formation, a light source
and glass fiber have to be implemented into the slot-die coater (Figure 3.2). Therefore,
a MBB1D1 broadband light-emitting diode (LED) purchased from Thorlabs is installed
below the sample holder. Due to broad emission (470–850 nm) of this LED, even low-
bandgap materials with an absorption onset about 1.5 eV can be probed. A glass fiber is



36 Chapter 3. Sample Characterization

applied to couple the transmitted light into a CAS 140 CT Instrument Systems Compact
Array Spectrometer, which can detect a broad variety of wavelengths simultaneously with
high time resolution (about 0.2 s per spectrum). For all static measurements performed in
the context of this thesis, a Perkin Elmer Lamda 650 S or Perkin Elmer Lambda 35 UV/vis
Spectrometer is used to measure the absorbance of thin films or solutions, respectively.
The absorbance is normalized on the respective film thickness. For all UV/vis measure-
ments performed in the context of this thesis, contributions originating from ambient light
scattering or the substrate are substracted. For in situ UV/vis spectroscopy experiments
(Subsections 5.1.2 and 5.2.3), no normalization is carried out as the thickness of the thin
film changes during drying and is unknown for the wet state.

In order to determine the optical bandgap, a Tauc plot can be applied (Figure 3.3). The
optical bandgap Eg can be determined by [176]

µ(λ) = A(λ)(E−Eg)1/2, (3.6)

with E = hc0
λ being the energy of the photon, h being the Planck constant and c0 being the

speed of light in vacuum. The absorption coefficient µ(λ) can be calculated by Equation 3.4
with d being the thickness of the thin film and A being the absorbance obtained from
the UV/vis spectrum. In the Tauc plot, (µ(λ)E)1/2 is plotted versus E (Figure 3.3). The
optical bandgap is determined from the intercept at µ(λ) = 0.

Figure 3.3: Tauc plot of a slot-die
coated PBDB-T-SF:IT-4F thin film.
The plot is extracted from the re-
spective UV/vis spectrum. The op-
tical bandgap is determined to be
(1.55± 0.04) eV. The red line is a
guide to the eye. Reproduced with
permission from Wiley [177].

To determine the electronic transitions of a material, the UV/vis absorbance spectrum
can be modeled with a set of Gaussian functions. [178] In Figure 3.4, the absorbance
spectrum of PBDB-T-SF is shown for a dilute solution (Figure 3.4a) and a thin film
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(Figure 3.4b). Electronic transitions are modeled with Gaussian functions (Figure 3.4,
dark blue). All transitions are assumed to occur from the electronic and vibronic ground
state (E0, ν = 0) into different vibration levels (ν) of the electronically excited state
(Franck-Condon principle). Thus, a transition from the ground state to the vibration level
ν= 0 of the electronically excited state is denoted a (0-0) transition, whereas an excitation
into the vibrational level ν = 1 is denoted a (0-1) transition. This denotation is continued
likewise for all transitions in the spectrum.

Figure 3.4: Electronic transitions are
determined by modeling the absorbance
spectra (bright blue) with sets of Gaus-
sian functions of equal width (dark blue).
Summing up all Gaussian functions gives
the modeled absorbance spectra (black).
The electronic transitions of the polymer
PBDB-T-SF are shown for (a) a dilute
CB solution and (b) a thin film. Re-
produced and adapted with permission
from Wiley [177].

For data modeling, several assumptions and approximations are applied. Each transition
is presumed to occur at a specific energy or within a certain deviation around the center
value, which can be described by a Gaussian distribution. [178] The height of the Gaussian
functions corresponds to the probability of the respective transition, whereas the full
width at half maximum (FWHM) is proportional to the state of order. For highly ordered
systems, narrow Gaussian functions are observed, whereas broad functions indicate highly
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disordered systems. For non-aggregated π-conjugated organic materials in solution, typical
values for the FWHM of the respective Gaussian functions are in the range of 0.1 eV in
solution at room temperature. [178] The FWHM of the (0-0) transition can be determined
very exactly by the gradient at the absorption onset. The gradient of the experimental data
has to be equal to that of the model function. Furthermore, all Gaussian functions of a set
of Gaussian functions are supposed to have the same FWHM. In addition, it is assumed
that the energy difference between two neighboring vibrational states is approximately
constant. Thus, all Gaussian functions within a set have the same center-to-center distance
towards their nearest neighbors. With these assumptions, the UV/vis spectrum can
be modeled adequately. The sum of all Gaussian functions (Figure 3.4, black) fits the
experimental UV/vis absorbance spectrum (Figure 3.4, bright blue).

Photoluminescence

PL measures the light emission of a sample after absorption of photons. [179,180] Thus, PL
provides information on radiative relaxation processes, originating from exciton recombina-
tion, a possible loss mechanism in organic solar cells (Subsection 2.1.2). For excitation, a
specific wavelength, which can be efficiently absorbed by the material under investigation,
is chosen (e.g. at the absorbance maxima). After excitation with this wavelength, the
emitted light is detected. As emission of photons occurs from different vibrational levels
of the electronically excited state into different vibrational levels of the ground state, a
broad emission spectrum (Figure 3.5) is observed, which can be described by a Gaussian
function. [181,182].

Figure 3.5: Illustration of typical ab-
sorbance (blue) and PL (red) spectra.
Due to relaxation processes, the emission
spectrum is red-shifted relative to the ab-
sorbance spectrum (Stokes-shift).
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In addition, the emission spectrum is red-shifted compared to the absorbance. This
shift towards lower energies is well-known as Stokes-shift. [180,183] A Jablonski diagram
illustrates processes, occuring upon absorption and emission of photons (Figure 3.6). [184].
Two mechanisms of radiative processes, namely fluorescence and phosphorescence, are
distinguished. [179,185]

Figure 3.6.: Simplified schematic illustrating processes occuring upon absorption and subsequent
emission of photons. Upon absorption of a photon, an electron is transferred into an electronically
and vibrationally excited state (green arrows). In this state, internal conversion (gray arrow) and
vibrational relaxation (black, dashed arrows) can provoke electronic and vibrational relaxation. A
transition into the ground state can occur via non-radiative processes (yellow, dashed arrow) or
via emission of photons (fluorescence, purple arrows). If intersystem crossing (red bold arrow)
into a triplet state (T1) occurs prior to emission of a photon, phosphorescence (red arrows) can
take place. In the electronic ground state, vibrational relaxation processes occur (black dashed
arrows).

Absorption of a photon and electronic excitation occurs according to the Franck-Condon
principle (Figure 3.1). [182, 186] Thus, an electron is excited and transition from the
electronic and vibrational ground state into an electronically and vibrationally excited
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state occurs (Figure 3.6, green arrows). [182, 185] After transition from the ground singlet
state into a higher energy singlet state, relaxation processes, such as internal conversion
(Figure 3.6, gray dashed arrow) into a lower energy electronic state and vibrational
relaxation (Figure 3.6, black, dashed arrows), can take place. [186, 187] Transition back to
the electronic ground state can occur via non-radiative (Figure 3.6, yellow, dashed arrow)
or radiative processes. A direct transition from the electronically excited to the electronic
ground state via emission of a photon is called fluorescence (Figure 3.6, purple arrow). In
contrast, intersystem crossing (Figure 3.6, red bold arrow) into a triplet state (T1) and
subsequent photon emission is called phosphorescence (Figure 3.6, red arrows). [184,187]
These relaxation processes provoke transition into vibrationally excited states of the
electronic ground state, where subsequent vibrational relaxation occurs (Figure 3.6, black
dashed arrows). In this thesis, all PL measurements are performed with a Perkin Elmer
Fluorescence Spectrometer LS 55 using an excitation wavelength of 570 nm.

External Quantum Efficiency

External Quantum Efficiency (EQE) gives the ratio of the number of electrons, contributing
to the photocurrent, to the number of photons of a given energy. [188] Thus, EQE estimates
the probability that a photon of a certain wavelength, which is absorbed by the active
layer, can contribute to the photocurrent.
The EQE can be calculated by [188]

EQE(λ) = 1
P (λ)

JSC(λ)
e

hc0
λ
, (3.7)

with P (λ) being the photon flux density of the applied light, e being the elementary charge,
JSC(λ) being the measured short-circuit current density at a certain wavelength, h being
the Planck constant and c0 being the speed of light in vacuum.

The JSC of an organic solar cell can be obtained by integrating the current density versus
all absorbed wavelengths (Figure 3.7, blue) as given by [189]

JSC = e
∫
P (λ)EQE(λ)dλ. (3.8)

In Figure 3.7, the EQE spectrum and the corresponding integrated JSC is shown to
illustrate the basic principle. Depending on the wavelengths, different loss mechanisms
dominate. [190,191] For wavelengths in the near UV region, exciton recombination occurs
at the front surface of the solar cell, reducing the EQE significantly (Figure 3.7I). In the
range of visible light, incoming photons can contribute efficiently to the photocurrent.
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However, the EQE is reduced due to reflexion processes and limited exciton diffusion
lengths (Figure 3.7II). At larger wavelengths, reduced absorption of photons and short
exciton lifetimes reduce the EQE (Figure 3.7III). At wavelengths larger than the optical
bandgap, no absorption occurs and the EQE is zero (Figure 3.7IV).

Figure 3.7: A typical EQE spectrum
(red) and the corresponding inte-
grated current density (blue) of an
printed organic solar cell based on
PBDB-T-SF:IT-4F with 0.25 vol %
DIO are shown. Regions of differ-
ent predominant loss mechanisms are
indicated by numbers I–IV. The cur-
rent density integrated versus all ab-
sorbed wavelengths gives the JSC of
the organic solar cell. Reproduced
and adapted with permission from
ACS publishing [192].

In this thesis, EQE spectra are measured using an Oriel QE-PV-SI Quantum Efficiency
Measurement Kit provided from Newport. The photocurrent generated at different
wavelengths is measured under illumination by a 6258 Xe OF lamp (Newport, 300 W),
set with a reference and corrected for spectral error to fulfill standard test condition
requirements (AM 1.5 illumination, 100 mW/cm2). [189,193] All solar cells are measured
at ambient conditions without encapsulation.

3.2. Current-Voltage Characterization

The device performance of organic solar cells depends on environmental conditions, such as
temperature and intensity of illumination. [194] Therefore, standard test conditions are set
to enable a reproducible measurement procedure, which allows for comparison of different
devices fabricated by different research groups. [193] Standard test conditions provide a
realistic solar cell performance, representing the overall yearly average for mid-latitudes. As
sunlight passes through the atmosphere, scattering and absorption processes occur before
photons reach earth’s surface. As these events depend on the path length through the
atomosphere, the incident angle z, given with respect to the zenith (surface normal), has to
be considered (Figure 3.8a). For larger z angles, the path through the atmosphere is longer
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and more absorption and scattering events occur, altering the spectrum reaching earth’s
surface. [195] The path length of the sunlight through the atmosphere is referred to as air
mass (AM, Figure 3.8a). [196] The sun spectrum AM0 (Figure 3.8b, orange) is defined
as the sun spectrum outside the atmosphere, whereas the AM1.5 spectrum (Figure 3.8b,
green), which is standard for photovoltaic performance measurements, corresponds to a
pathlength of 1.5 times the thickness of the atmosphere and an angle of 48.2° with respect
to the zenith. [195]

Figure 3.8: (a) Illustration of Air
Mass (Image inspired by a graph
from [195]). The path of sunlight
(yellow, dashed arrow) through the
atmosphere (gray) is referred to as
Air Mass (AM, white curly bracket).
At AM0, the sun emission spectrum
equals the spectrum before enter-
ing the atmosphere. AM1 is given
when the sun is in the zenith and the
path length through the atmosphere
equals its thickness. The incident
angle towards the zenith (z) is in-
dicated (yellow). Length scales are
not true to scale. (b) The sun emis-
sion spectrum alters when it passes
through the atmosphere as revealed
by the sun emission spectrum AM0
(orange) and AM1.5 (green). Data
are obtained from [197].

In this thesis, all organic solar cells are measured according to standard test condi-
tions. Thus, all JV -curves are measured under AM1.5 illumination (100 mW/cm2) with a
SourceMeter Keithley 2400 at ambient conditions and without encapsulation. In Figure 3.9,
a JV -curve for a printed organic solar cell based on a 1:1 ratio of PBDB-T-SF:IT-4F with
0.25 vol % DIO is given as an example. Key performance parameters are open-circuit
voltage (VOC), short-circuit current density (JSC) and fill factor (FF).
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Figure 3.9: JV -curve of a printed
organic solar cell is shown. Key per-
formance parameters of an organic
solar cells, namely VOC, JSC and FF
are indicated. FF is given by the avail-
able power at the MPP of the real
photovoltaic device divided by the
theoretical maximum power. Repro-
duced and adapted with permission
from ACS publishing [192].

VOC is the electrical potential in a solar cell when it is disconnected from any circuit. At
this point, the available voltage is at its maximum and the current is zero (I = 0). In
contrast, JSC is the current through the solar cell when the voltage across the solar cell
is zero (V = 0). In both cases, no photocurrent is generated in the solar cell. VOC of an
organic solar cell is determined by [124,198]

VOC = Eg
e
− kBT

e

(
(1−pdiss)γN2

c
pdissG

)
, (3.9)

with e being the elementary charge, kB being the Boltzmann constant, T being the temper-
ature, pdiss being the exciton dissociation probability, γ being the Langevin recombination
constant, Nc being the effective density of states and G the generation rate of bound
electron–hole pairs.

JSC depends on the EQE, which gives the probability that a photon of a specific wavelength
contributes to the photocurrent. Integrated photocurrent density over all wavelengths
gives JSC.

FF gives the ratio of the available power at the maximum power point (MPP, Figure 3.9)
divided by the maximum theoretical power output and is given by [71,124]

FF = VMPPJMPP
VOCJSC

, (3.10)

with VMPP and JMPP being the extracted voltage and current at the MPP, respectively.
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Power conversion efficiency (PCE) is defined as the maximum power produced by the solar
cell divided by the power of incident light (Pin) and depends on the parameters VOC, JSC
and FF of the device as expressed by [71,124]

PCE = VOCJSCFF
Pin

. (3.11)

3.3. Structure Investigation in Real Space

Profilometry

Profilometry probes the height profile and roughness of thin films. [199,200] In order to
determine the film thickness, the films have to be scratched down to the substrate prior to
the measurement. Then, the sample is placed on the stage inside the profilometer to scan
perpendicularly over the scratch (Figure 3.10a). A diamant stylus is moved in vertical
direction to contact the sample before scanning the surface laterally, whereas the vertical
deflection is recorded and translated into a height profile (Figure 3.10b).

Figure 3.10: Profilometry is applied
to determine the film thickness of an
active layer (dark blue) on a glass
substrate (bright blue). (a) A stylus
(gray) moves perpendicularly over the
scratch as indicated by a red arrow.
(b) Average step height is determined
by the difference between the average
height at the surface and the average
height inside the scratch.

In order to determine the film thickness, the average step height (ASH) is calculated
by the difference between the mean height at the sample surface and the mean height
inside the scratch, which is the mean height of the substrate. In this thesis, a BRUKER
DektakXT Profilometer is used to determine the film thickness of slot-die coated active
layers. Measurements are performed at different positions to obtain a statistically significant
value for average film thickness and to exclude possible local differences. Data acquisition
and analysis are performed using the included software Vision64 by Bruker.
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Optical Microscopy

In an optical microscope, the sample is placed on a stage and illuminated with visible light.
A system of lenses is applied to generate real space images of the sample surface with tunable
magnification. [201] Thus, surface morphology as well as sample homogeneity can be probed.
Optical microscopy is an easy applicable technique, which allows probing structures in the
micrometer range. Due to diffraction, the resolution limit of a conventional visible light
microscope depends on the wavelength λ of the light source and the numerical aperture
(NA), a dimensionless number, determining the resolution power R of the microscope as
expressed by the Rayleigh criterion [202]

R = 1.22λ
2NA . (3.12)

NA is given by [201,202]

NA = nsin(θ), (3.13)

with n being the refractive index of the surrounding medium (for air: n= 1) and θ being
half the angular aperture.

In this thesis, in situ optical microscopy is performed using a MINTRON 62V1P Video
Microscope and a PHOTONIC Optics PL3000 lamp. The optical microscope is installed
above the slot-die coater to enable a top view on the sample surface. The optics is focused
on the center of the substrate before slot-die coating at room temperature and ambient
conditions. The complete film formation process is recorded as a video and converted
to individual images after the measurement with a time resolution of a second. For
every region of drying, one characteristic image is shown. The scale bar is added using
ImageJ. [203]

Atomic Force Microscopy

Atomic force microscopy (AFM) is a high-resolution technique, providing information on
surface topology at nanometer scale. [204] In contrast to optical microscopy or scanning
electron microscopy (SEM), the typical resolution limit of diffraction (Equation 3.12)
does not apply and topographic information on surface roughness can be extracted
quantitatively. [205] A very sharp tip is fixed at a cantilever spring to scan the sample
surface (Figure 3.11). [204,205] Spatial resolution depends critically on the diameter of
the tip. Due to interaction between sample surface and tip, deformation of the cantilever
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spring occurs. [206] This deformation can be measured precisely by a laser beam, which is
focused on the backside of the cantilever. [205] Any oscillation of the cantilever causes a
deflection of the laser beam, which is detected by a photodetector. Piezoelectric motors
are applied to control the scanning direction on the sample surface as well as the height
movement. Deformation of the cantilever provides information on surface morphology,
such as height profile and surface roughness.

Figure 3.11: Illustration of the basic
principle of AFM (image inspired by
a graph from [207]). A very sharp
tip (gray cone) fixed on a cantilever
spring (gray plane) scans the sample
surface (purple). Interaction between
sample surface and tip causes defor-
mation of the cantilever spring, which
is measured by a laser beam (green)
reflected at the cantilever and de-
tected by a photodetector (golden).

The interaction between tip and sample can be described by the Lennard-Jones potential,
giving the potential energy for different separation distances. [208] The Lennard-Jones
potential is given by repulsive and attractive contributions. The repulsive term describes
the Pauli repulsion at short ranges due to overlapping electron orbitals and is given
by [209–211]

V = C1
rn
, (3.14)

with V being the potential energy, C1 being a term, accounting for Pauli repulsion, and r
being the separation distance between two particles or, in the case of an AFM measure-
ment, the distance between tip and sample surface. The exponent is usually given by n= 12.

The attractive term of the Lennard-Jones potential is given by attractive interactions,
originating from London dispersion forces, and is expressed by [212,213]

V =−C2
r6 , (3.15)

with C2 being a term, accounting for attractive dipole-dipole interactions.
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Thus, the Lennard-Jones potential is expressed by [208,214]

V = 4ε
[(
σ

r

)12
−
(
σ

r

)6]
, (3.16)

with ε being the depth of the potential well and σ being the distance, at which the potential
energy is zero.

In Figure 3.12, a normalized Lennard-Jones potential as well as the attractive term and
the repulsive term are shown according to Equation 3.16.

Figure 3.12: Illustration of potential
energy between sample surface and
AFM tip. The normalized Lennard-
Jones potential (blue) is given by
a repulsive (red) and an attractive
(green) contribution. Depending on
the separation distance, AFM is per-
formed in contact mode (purple area),
tapping mode (white area) or non-
contact mode (green). At large sep-
aration distances, no interaction oc-
curs (bright blue).

AFM measurements can be performed in contact mode (Figure 3.12, purple area), tapping
mode (Figure 3.12, white area) or non-contact mode (Figure 3.12, green area). [205] In
contact mode, the separation distance is very small and repulsive forces dominate. In
tapping or non-contact mode, the sample-tip distance increases compared to the contact
mode and attractive contributions become more dominant. In tapping mode, a piezoelectric
element causes oscillation of the cantilever with a defined frequency. [206,215,216] Attractive
as well as repulsive interactions between tip and sample surface alter the cantilever’s
oscillation. [205] Thus, phase, amplitude and frequency of driving oscillation and forced
oscillation differ. The height of the tip is adjusted to keep the amplitude or frequency of
oscillation constant. Topographic information is obtained by imaging the force applied
during the intermittent contacts of the tip with the sample under investigation. In this
thesis, AFM measurements are performed with an Asylum Research MFP-3D instrument
in tapping mode (1.0 µm x 1.0 µm scan area, 75 kHz resonance frequency). Gywddion is
used for data visualization and analysis. [217]
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Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a high-resolution technique, which can provide
topographic as well as material sensitive information on conductive thin films on a sub-
nanometer scale. [218, 219] Image resolution is limited by the wavelength of the beam
used to investigate the sample surface. According to the particle-wave duality introduced
by De Broglie, electrons have a shorter wavelength compared to photons at a given
energy. [220,221] Thus, the achieveable resolution of SEM outperformes that of classical
optical microscopy by orders of magnitude. In addition, the resolution can be further
enhanced by applying acceleration voltage. For a typical acceleration voltage of 5 keV,
as used in this thesis, the relativistic De Broglie wavelength λe for an electron is given
by [222,223]

λe = h

p
= hc0√

2mec20eV + (eV )2
≈ 17.3 pm, (3.17)

with h being Planck’s constant, p being the electron momentum, c0 being the speed of
light in vacuum, V being the applied acceleration voltage, me being the rest mass of an
electron and e being its elementary charge.

In Figure 3.13a, the basic working principle of SEM is illustrated. Thus, an electron
beam is generated by an electron gun. [224] Electrons can be emitted thermally or by
applying a field emission voltage. [219, 225] Also a combination of both processes, in a
thermally assisted field emission gun (Schottky cathode), is possible. [224] To obtain
high quality SEM images, the latter approach is usually applied as it provides a high
electron flux, a well defined kinetic energy and enables the use of relatively low acceleration
voltages (5 keV or less). [219, 226] Electrons are accelerated towards the anode by the
applied acceleration voltage. [219] Electromagnetic lenses and apertures are applied to
control beam size and focus, whereas scan coils position the beam on the sample. [224] A
backscattered electron (BSE) detector, a secondary electron (SE) detector and a X-ray
detector can be used to detect the respective signals, originating from interaction of the
electron beam with the sample under investigation. BSEs originate from elastic scattering
events (Figure 3.13b) and have a large escape depth due to their high energy. [219,224]
The detected signal provides material sensitive information such as phase composition.
In contrast, SEs originate from inelastic scattering events (Figure 3.13c). Due to their
low energy (10–50 eV), their escape depth is small and surface sensitive information is
obtained. [219,227] Protruding structures appear brighter due to reduced working distance.
As brightness also depends on other factors such as the material under investigation,
relative topographic information is obtained. Furthermore, X-rays can be emitted after a
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core electron has been removed previously. Thus, an electron from a higher energy level
can fall into the vacancy and provoke a release of energy by photon emission (Figure 3.13d)
and energy-dispersive X-ray (EDX) spectroscopy can be performed. [218,219,224] Emitted
X-ray photons provide information on the material composition. [218, 219] The escape
depth is larger than that of SEs or BSEs.

Figure 3.13.: Simplified illustration of (a) the SEM set-up and (b-d) occuring processes contribut-
ing to the signal (image inspired by graphs from [228]). (b) Secondary electrons, originating from
inelastic scattering events, (c) backscattered electrons as well as (d) X-rays provide information
on topography, phase contrast and material composition, respectively.

In this thesis, SEM measurements are performed under vacuum conditions with a Zeiss
NVision 40 SEM located at the Zentrum für Nanotechnologie und Nanometerialien at
the Technical University Munich. The instrument has a thermally assisted field emission
gun and an in-lens detector to detect SEs. An acceleration voltage of 5 keV as well as a
working distance of 4 mm are applied. All samples are cut to a size of 1.0 cm x 1.5 cm
before the measurement. Images are contrast adjusted with ImageJ. [203]
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3.4. Structure Investigation in Reciprocal Space

Grazing incidence X-ray scattering is an advanced scattering technique, which allows
probing thin films with high quality and statistical significance in reciprocal space. [148,151]
In this thesis, grazing incidence small-angle X-ray scattering (GISAXS) and grazing
incidence wide-angle X-ray scattering (GIWAXS) are performed. A schematic of a typical
GISAXS and GIWAXS set-up is illustrated in Figure 3.14.

Figure 3.14.: Schematic of grazing incidence X-ray scattering (image inspired by a graph
from [154]). The incoming beam (red) impinges onto the sample under a small angle. The
diffusely scattered beam leaves the sample under an exit angle given by a component in vertical
(red area) and lateral (green area) direction. The scattering signal is collected by a 2D detector
mounted at different SDD. For GISAXS the SDD is usually in the range of meters, whereas
GIWAXS is performed at a much shorter SDD in the range of some tens of centimeters.

The incoming X-ray beam (ki, red) impinges onto the sample under a small incident angle
(αi) and is diffusely scattered under an lateral scattering angle Ψ (green) with respect to
the yz-plane. [148, 151] Thereby, the vertical scattering angle αf , given with respect to
the sample surface, can differ from the incident angle. A 2D detector collects the scat-
tering signal. Depending on the sample-detector distance (SDD), different morphological
information is obtained. GISAXS is usually performed at a SDD of 1–5 m, which allows
probing amorphous structures in the length scale of 1 nm to 1 µm. For GIWAXS, a shorter
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SDD, which is typically in the range of some tens of centimeters, is applied to cover larger
scattering angles and to probe crystalline structures. [148] Depending on the incident angle,
surface as well as bulk sensitive information is obtained. For incidence angles smaller
than the critical angle of the material under investigation, total reflection occurs and only
surface sensitive information is obtained. For incident angles above the critical angle of
the material, inner morphology is probed. Grazing incidence geometry allows obtaining a
significant scattering signal even for thin films with thicknesses of 100 nm or less as well as
probing a larger sample area in comparison to real space imaging methods, such as AFM
or SEM (Section 3.3).

Grazing Incidence Small-Angle X-ray Scattering

A 2D GISAXS image of a printed sample based on a 1:1 ratio of PBDB-T-SF:IT-4F with
1.0 vol % DIO is given as an example for a typical scattering pattern (Figure 3.15a). For
quantiative GISAXS data analyis, vertical (Figure 3.15a, green cuboid) and horizontal
(Figure 3.15a, red cuboid) line cuts are performed. In the 2D GISAXS image, the scattering
pattern is observed above the sample horizon. At the critical angle of the material under
investigation, a significantly enhanced scattering signal (Figure 3.15b, Yoneda region) is
observed. [152] At the specular reflection region, which equals the incident angle, the X-ray
beam is directely reflected at the sample (Figure 3.15a). Due to very high scattering inten-
sity at this position, a beamstop (Figure 3.15a,b) has to be applied to avoid oversaturation
of the detector. [151]

For a given SDD and by applying the small angle approximation, the incident angle can
be determined by applying the simple trigonometric function

αi = 1
2arctan

(
(yspec−yDB)p

SDD

)
, (3.18)

with yspec being the y-position of the specular reflection, yDB being the y-position of the
direct beam at the 2D detector and p being its pixel size.

Lateral (Ψ) and vertical (αf) position of the scattered beam on the detector can be
calculated by

αi +αf
Ψ

=
arctan( (y−yDB)p

SDD )
arctan( (x−xDB)p

SDD )

 . (3.19)
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For quantitative GISAXS data analysis, horizontal line cuts are performed at the critical
angle of the polymer to obtain material sensitive morphological information (Figure 3.15c).
Horizontal line cuts are fitted with a model based on the EIA of the DWBA and the
LMA (Subsection 2.3.2). This approach allows extracting average structure sizes and
interdomain distances in the thin film. Large structures in the q range below the resolution
limit are not accessible with GISAXS (Figure 3.15c, red area). As the accessible length
scales depend critically on the SDD, this parameter has to be chosen carefully to probe
the desired q range and to obtain information on the desired structure sizes.

Figure 3.15.: 2D GISAXS data and its corresponding line cuts are shown. (a) In the 2D
scattering image, the position of the specular reflection (white arrow), the vertical line cut
(green cuboid) and the horizontal line cut (red cuboid) are marked. (b) In the vertial line cut,
scattering is observed above the sample horizon. At the Yoneda region (marked with a red arrow),
which is observed at the critical angle of the material under investigation, scattering intensity is
significantly enhanced. Beamstop and detector gap are covered with gray bars. (c) A horizontal
line cut is performed at the critical angle of the material under investigation and modeled with
a model based on the EIA of the DWBA (red line). The resolution limit (red area) gives the
q range, which is inaccessible with GISAXS. Reproduced and adapted with permission from ACS
publishing [192].
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Grazing Incidence Wide-Angle X-ray Scattering

In a GIWAXS experiment, a scattering signal is observed for all scattering events, fulfilling
the Laue condition (Subsection 2.3.3). [229] Thus, the recorded GIWAXS scattering pattern
(Figure 3.16a,b) represents a projection of allowed Bragg reflexes of the three-dimensional
Ewald sphere onto a two-dimensional detector.

Figure 3.16.: 2D GIWAXS data and corresponding line cuts are shown. (a) In the 2D scattering
image, the most prominent scattering signals are assigned to the (100) PBDB-T-SF, (100) IT-4F
and (010) PBDB-T-SF Bragg peak (indicated by red arrows). The blue wedge-shaped area in
the center covers the inaccessible area. (b) For data evaluation, a cake-shaped q integral (pink)
as well as tube cuts in χ direction (bright green) are performed. (c) An azimuthal q integral is
shown. The (100) PBDB-T-SF and IT-4F Bragg peaks are indicated by red arrows. (d) The
tube cut performed at the (100) PBDB-T-SF Bragg peak position is shown. The FWHM (red)
of the corresponding Gaussian function (bright green) to model the scattering data provides
information on rotational disorder of crystallites. The inaccessible area is covered with a gray bar.
Reproduced and adapted with permission from ACS publishing [192].
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In a 2D GIWAXS pattern, the qz and qy components always contain a qx component. For
this reason, the coordinate system in Figure 3.14 is given by qxz and qxy. For quantitative
data analysis, 2D GIWAXS detector images have to be corrected and reshaped, provoking
a distortion of the detector image and a wedge-shaped inaccessible area around qr = 0
(with qr =

√
q2
x+ q2

y). [229] In Figure 3.16a, a 2D GIWAXS image of a printed sample
based on a 1:1 ratio of PBDB-T-SF:IT-4F with 1.0 vol % DIO is given as an example for
a typical scattering pattern. The (100) PBDB-T-SF, (100) IT-4F and (010) PBDB-T-SF
Bragg peaks are indicated by red arrows. In order to compare scattering intensities of
different Bragg peaks and to obtain information on the overall crystallinity, an azimuthal
q integral (Figure 3.16b, pink) can be performed. The q value, where the Bragg peak is
observed, is inversely proportional to the lattice spacing. [97,230] Tube cuts are performed
in χ direction (Figure 3.16b, bright green) to obtain information on rotational disorder of
crystallites. [148,231] In Figure 3.16c, an azimuthal q integral is given. The position of
the (100) Bragg peaks of PBDB-T-SF and IT-4F are indicated by red arrows. A tube cut
performed at the (100) PBDB-T-SF Bragg peak position and its corresponding Gaussian
function to model scattering data are shown in Figure 3.16d. For PBDB-T-SF, most
crystallites are orientated edge-on as a high scattering intensity is observed for χ values
close to the inaccessible range (Figure 3.16d, χ = 0). [148] However, also crystallites in
other orientations and even in face-on orientation are present in the thin film as some
scattering intensity is observed at all accessible χ angles. Scattering data are fitted with
a Gaussian function (Figure 3.16, bright green). [230,231] A broad FWHM implies high
rotational disorder of crystallites, whereas a narrow FWHM occurs only for highly ordered
crystallites. [148] The crystal size can be estimated by the line broadening of the respective
Bragg peak as given by the Scherrer equation (Subsection 2.3.3).

Experimental Parameters for Grazing Incidence X-ray Scattering

All scattering measurements shown in this thesis are performed at the MiNaXS (micro-
and nanofocus small- and wide-angle X-ray scattering) beamline P03 at the PETRA III
(Positron-Elektron-Tandem-Ring-Anlage) synchrotron source at DESY (Deutsches Elek-
tronen-Synchrotron), Hamburg (Sections 5.1, 5.2, 6.1: Figures 6.1, 6.3, 6.4) or with
an in-house Ganesha SAXSLAB instrument (Section 6.1: Figure 6.5). [232] For all
scattering experiments, a Dectris Pilatus 1M or a Dectris Pilatus 300k with a pixel size
of 172 µm x 172 µm is used to collect the scattering signal. The numbers 1M and 300k
denote the overall number of pixels of the respective detectors. The X-ray beam size is
10 µm x 27 µm for all experiments performed at the DESY and 100 µm x 200 µm for the
measurement performed with the Ganesha instrument. Table 3.1 gives the SDD, the angle
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of incidence (AOI) and the detector type for all GISAXS and GIWAXS measurements
performed in the context of this thesis.

Table 3.1.: Parameters applied in the GISAXS and GIWAXS Experiments.
Section/ Figure Sec. 5.1 Sec. 5.2 Sec. 6.11 Fig. 6.5 Sec. 7.1

parameters
X-ray source P03 P03 P03 Ganesha P03

wavelength [nm] 0.09763 0.0965 0.09763 0.154 0.10642
AOI for GISAXS [◦] 0.35 0.40 0.35 - 0.40

SDD for GISAXS [mm] 3176 4200 3176 - 5262
Pilatus Detector (GISAXS) 1M 300k 1M - 1M

AOI for GIWAXS [◦] - 0.40 0.35 0.35 -
SDD for GIWAXS [mm] - 195 179 95.67 -

Pilatus Detector (GIWAXS) - 300k 300k 300k -
1 Scattering data in Figures 6.1 and 6.3, 6.4.





4 Sample Preparation

4.1. Materials

In the following chapter, the sample preparation, which was performed prior to all
experiments performed in the context of this thesis, is introduced. Thus, the applied
materials are given in Section 4.1. The substrate cleaning procedure is detailed in
Section 4.2. The basic principle of the thin film deposition techniques spin-coating and
meniscus guided slot-die coating is described in Section 4.3. The organic solar cell assembly
is illustrated in Section 4.4.

PBDB-T-SF

The conjugated low bandgap polymer donor poly[(2,6-(4,8-bis(5-(2-ethylhexylthio)-4-
fluorothiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-
ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione))], denoted PBDB-T-SF, was pur-
chased from Solarmer. The chemical structure is given in Figure 4.1a. The high-efficiency
polymer PBDB-T-SF was designed for application as electron donor in organic solar
cells. [35,233] The benzodithiophene (BDT) unit (Figure 4.1a, green) enhances the electron
donating effect of the polymer, increases the hole mobility and contributes to a planar
molecular structure, which facilitates π-π stacking and crystallization. [234] The benzo[1,2-
b:4,5-c‘]dithiophene-4,8-dione (BDD) unit (Figure 4.1a, red) has an electron withdrawing
effect and facilitates excitation of the polymer by UV/vis light. The thiophene units
(Figure 4.1a, black) act as bridges, enlarging the conjugated π-system. In addition, the
integration of thiophene units provokes broadening of the absorbance spectrum, lowers
the optical bandgap and improves charge transport. In addition, the Coulomb potential
between positive and negative charge carriers is reduced due to enlargement of separation
distance between electron and hole. [114] Fluorination (Figure 4.1a, blue) of the polymer
down-shifts energy levels and increases the device stability. Furthermore, fluorination
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contributes to inter/intramolecular interactions with hydrogen atoms, provoking enhanced
crystallinity and efficient charge transport. [35] Alkyl side chains (Figure 4.1a, gray)
improve the solution-processibility by enhacing the solubility in common organic solvents.

Figure 4.1.: Chemical structures of the conjugated polymers (a) PBDB-T-SF, (b) PBDB-T-2Cl
and (c) the nonfullerene small molecule acceptor IT-4F. The conjugated polymers consist of a
BDT (green) and a BDD (red) unit linked with thiophene groups (black). The halogen (F or
Cl) is indicated in blue color, the sulfur atom (in PBDB-T-SF) in orange and the conjugated
π-system of IT-4F in bright blue. For all materials shown, side chains are indicated in gray color.
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PBDB-T-2Cl

The conjugated low bandgap polymer donor poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-chloro)-
thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2-ethyl-
hexyl)-benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione))], denoted PBDB-T-2Cl, was purchased
from Ossila. The chemical structure of PBDB-T-2Cl (Figure 4.1b) resembles that of
PBDB-T-SF (Figure 4.1a), therefore the polymers have similar chemical properties, such
as broad absorbance and facilitated charge transport. [235] Chlorination (Figure 4.1b, blue)
was found to down-shift the energy levels even more efficiently than fluorination, which is
assumed to be due to its empty D orbit, which can help to accept π-electrons. [236]

IT-4F

The nonfullerene small molecule acceptor 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-
6,7-difluoro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indace-
no[1,2-b:5,6-b’]dithiophene, denoted IT-4F, was purchased from Solarmer. The chemical
structure is given in Figure 4.1c. In contrast to fullerene based acceptors, the energy levels
of nonfullerene small molecule acceptors can be fine-tuned by chemical modification of
the molecular structure to match with the donor polymer. [237] The conjugated π-system
(Figure 4.1c, bright blue) provokes a highly efficient electron transport, whereas alkyl
chains ensure solution-processibility. Benzyl groups disrupt the planar molecular structure
and weaken unfavorable aggregation of acceptor molecules. This contributes to a nanoscale
bicontinuous phase separation and formation of a favorable BHJ structure. [238] Organic
solar cells based on a 1:1 ratio of IT-4F and PBDB-T-SF can reach a PCE of 13%, whereas
photovoltaics based on PBDB-T-2Cl:IT-4F can achieve a PCE of 14%. [35,75,233]

Chlorobenzene

Chlorobenzene (CB) is a common solvent capable of dissolving conjugated polymers and
small molecule acceptors. CB (anhydrous, 99.8%) was purchased from Merck. The organic
solvent has a density of 1.11 g/cm3 and a boiling point of 132 °C.

1,8-Diiodooctane

1,8-Diiodooctane (DIO) is a well-established solvent additive used to improve the device
performance of organic solar cells. Appropriate volumes of DIO are added to the solution
prior to thin film deposition. DIO (anhydrous, 98%) was purchased from Merck. The
solvent additive has a density of 1.84 g/cm3 and a boiling point of 167–169 °C.
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Zinc Acetate Dihydrate

Zinc acetate dihydrate was purchased from Merck and used for preparation of the ZnO
precursor solution. The salt has a density of 1.74 g/cm3, a melting point of 237 °C and a
molar mass of 183.48 g/mol.

2-Methoxyethanol

2-Methoxyethanol (99.8%) was purchased from Merck and used for preparation of the ZnO
precursor solution. The colorless liquid has a density of 0.97 g/cm3 and a boiling point of
124 °C.

Monoethanolamine

Monoethanolamine (99.5%) was purchased from Merck and used for preparation of the
ZnO precursor solution. The colorless, viscous liquid has a density of 1.01 g/cm3 and a
boiling point of 170 °C.

Aluminum pellets

Aluminum pellets (99.99%) were purchased from chemPUR and used as cathode material
for inverted organic solar cells. The metal has a density of 2.70 g/cm3, a melting point of
660 °C and a molar mass of 26.98 g/mol.

Molybdenum(IV) oxide

Molybdenum(IV) oxide (MoO3, 99.98%) powder was purchased from Carl Roth and used as
an electron blocking layer in printed organic solar cells. MoO3 has a density of 4.69 g/cm3,
a melting point of 805 °C and a molar mass of 143.94 g/mol.

Zinc Powder

Zinc powder (particle size < 63 µm) was purchased from Carl Roth and used for etching
of ITO coated glass substrates.

Deionized Water

For all substrate cleaning steps, which require purified water, deionized water produced by
a PURELAB CHORUS 1 (VEOLIA) was used.
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Alconox®

Alconox®, a laboratory cleaning detergent was purchased from Merck. The powder was
dissolved in deionized water (16 g/l) and used for ultrasonic cleaning of ITO coated glass
substrates and printer head components.

Acetone

Acetone (99.8%) was purchased from Merck and used for ultrasonic cleaning of ITO
coated glass substrates and printer head components. The organic solvent has a density of
0.79 g/cm3 and a boiling point of 56 °C.

Isopropanol

Isopropanol (99.8%) was purchased from Merck and used for ultrasonic cleaning of ITO
coated glass substrates and printer head components. The organic solvent has a density of
0.79 g/cm3 and a boiling point of 82 °C.

Hydrogen Peroxide

Hydrogen peroxide (H2O2, 30%) was purchased from Carl Roth. The oxidizing agent is
used for acid cleaning of glass substrates. Hydrogen peroxide has a density of 1.11 g/cm3

and a boiling point of 107 °C.

Sulfuric Acid

Sulfuric acid (H2SO4, 95–97%) was purchased from Carl Roth and used for acid cleaning
of glass substrates. The inorganic acid has a density of 1.22 g/cm3 and a boiling point of
335 °C.

Hydrochloric Acid

Hydrochloric acid (HCl, 37%) was purchased from Carl Roth. The inorganic acid is diluted
with deionized water (1:1) and used for etching of ITO coated glass substrates. HCl has a
density of 1.19 g/cm3 and a boiling point of 45 °C.
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Glass Substrates

Microscopic slides (7.5 cm x 7.5 cm) were purchased from Carl Roth. After acid cleaning
(H2O, H2SO4, H2O2, 80 °C, 15 minutes), the glass slides were used as substrates for
printing. After thin film deposition, all slides were cut into pieces of 2.5 cm x 2.5 cm.

Indium Tin Oxide coated Glass Substrates

Indium tin oxide (ITO) coated glass slides (7.5 cm x 7.5 cm) with a sheet resistance
of 12 ohms/sq were purchased from SOLEMS. All ITO coated glass substrates were
ultrasonic cleaned with Alconox®, deionized water, acetone and isopropanol sequentially
for 20 minutes before thin film deposition. After slot-die coating the active layer, the
substrates were cut into pieces of 2.5 cm x 2.5 cm. The ITO coated glass slides were used
as anode material in printed organic solar cells.

4.2. Substrate Cleaning

Acid Cleaning

To remove any impurities or organic traces at the substrate surface, the microscopic glass
slides used in this thesis were cleaned in a hot acid bath [239] before slot-die coating the
active layer. Therefore, a mixture of 50 ml deionized water, 180 ml H2SO4 and 80 ml
H2O2 is filled in a beaker and placed in a water bath to safely heat the acidic solution to
a temperature of 80 °C. The beaker, containing the acid bath, is covered with a watch
glass to avoid evaporation. The glass substrates are positioned in a TEFLON™ holder
and placed in the acid bath. After 15 minutes, the substrates are removed from the acidic
solution and subsequently washed in three beakers filled with deionized water. Finally,
each substrate is individually rinsed with deionized water and dried under continuous
nitrogen (N2) flow.

Ultrasonic Cleaning

ITO coated glass substrates are subsequentially ultrasonic cleaned with different solvents
to preserve the conductive coating, which would be removed during acid cleaning. The ITO
coated glass substrates are put in a TEFLON™ holder and rinsed with deionized water to
remove dust particles. Then, the substrates are sequentially cleaned in Alconox®, deionized
water, acetone and isopropanol. At each step, the sample holder is placed in a beaker
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filled with the respective detergent or organic solvent and placed in an ultrasonic bath.
After 20 minutes, the sample holder is removed and rinsed with the cleaning component
used in the subsequent step. Finally, the substrates are removed from the sample holder
and dried under continuous N2 flow. Oxygen plasma cleaning is performed directly before
thin film deposition.

Plasma Cleaning

Oxygen plasma cleaning is performed with a NANO PLASMA CLEANER (Diener Elec-
tronic). The substrates are placed in a vacuum chamber, which is flooded with oxygen.
The plasma treatment is performed for 10 minutes (0.4 mbar, 40 Hz, 250 W). The oxygen
plasma provokes decomposition of residual organic compounds at the substrate surface. In
addition, the wettability of polar solvents such as the ZnO precursor solution is improved
as the surface hydrophilicity increases. It should be noted that the subsequent thin film
deposition has to be performed immediately after oxygen plasma cleaning as the favorable
surface modification is only a temporary effect.

4.3. Thin Film Deposition

Spin-Coating of Hole Blocking Layers

Spin-coating is a well-established technique to prepare homogeneous thin films of solution-
processible materials on a laboratory scale. During thin film deposition, centrifugal forces
are applied to homogeneously distribute the precursor solution at the substrate surface.
Therefore, the substrate is fixed at a plate inside the spin-coater by applying vacuum.
Then, the precursor solution is pipetted on top of the substrate before rotating the plate
at a well defined speed.

The final dry film thickness ddry is proportional to the initial concentration ci of the
precursor solution and inversely proportional to the angular velocity ω as described by the
Schubert’s equation [240]:

ddry = Cciω
− 1

2MW
1
4 , (4.1)

with MW being the molar mass of the dissolved material and C being a system-specific
parameter, which has to be determined experimentally.
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In this thesis, thin ZnO layers are used as hole blocking layers in inverted organic solar
cells. Electron transport layers are fabricated using a DELTA 6RT TT spin-coater (Süss
MicroTec). To prepare the ZnO precursor solution for spin-coating, 1.000 g Zinc acetate
dihydrate, 10.00 ml 2-Methoxyethanol and 284.0 µl Monoethanolamin are stirred at
ambient conditions in air for 8 hours. [241] Then, 1500 µl of the precursor solution are
pipetted on top of the ITO coated glass substrate before spin-coating at 5000 rotations
per minute (rpm) for 60 s. Finally, all substrates are annealed at 200 °C for 60 minutes in
air. After cooling down to room temperature, active layers are slot-die coated on top.

Meniscus Guided Slot-Die Coating of Active Layers

In this thesis, all active layers are printed with a custom-made meniscus guided slot-die
coater constructed in the context of a Master’s thesis [242] (Figure 4.2).

Figure 4.2.: Photographs of the set-up for meniscus guided slot-die coating. Selected components
are labeled with red arrows.(a) A syringe pump provides a constant flow rate of solution, which
is guided through masks inside the printer head. The substrate can be heated and is moved by a
motor during printing. (b) The substrate is placed at the sample holder below the printer head.
The printing direction is indicated by a green arrow. Reproduced and adapted with permission
from ACS publishing [192].

A syringe pump provides a constant flow rate of the respective polymer:acceptor solution
(Figure 4.2a). The solution is guided through a meniscuis guide mask and a shim mask,
which are attached inside the printer head. A motor moves the sample holder, consisting
of a copper plate with a built-in temperature control unit to enable printing at different
temperatures. The substrate is placed on the copper holder (Figure 4.2b) prior to thin
film deposition. The printing direction is indicated by a green arrow.
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The homogeneity and thickness of the final dry film depend on the adjustable param-
eters, namely flow rate, printing velocity, height (distance between printer head and
substrate), substrate temperature as well as polymer and acceptor concentration in the
solution. A photograph of a representative slot-die coated active layer is given in Figure 4.3.

Figure 4.3: Photograph of a slot-die coated active layer based
on PBDB-T-SF:IT-4F printed out of CB on a glass substrate
(7.5 cm x 2.5 cm). The start and end position are labeled with white
arrows. The printing direction is indicated by a red arrow. Reproduced
and adapted with permission from ACS publishing [243].

In this thesis, solutions of the polymers PBDB-T-SF or PBDB-T-2Cl and the small
molecule acceptor IT-4F are prepared in a N2-filled glovebox. Compared to spin-coating,
which is typically performed with solutions of high concentrations such as 20 mg/ml [35],
much lower concentrations are needed for meniscus guided slot-die coating [192] to obtain
a similar dry film thickness. Therefore, appropriate amounts of polymer and acceptor are
weighted and dissolved in CB to give a 7 mg/ml solution. For PBDB-T-SF:IT-4F, the
solution is stirred at 100 °C for 48 hours to dissolve the polymer. Due to high solubility of
the chlorinated polymer, solutions containing PBDB-T-2Cl:IT-4F are stirred at room tem-
perature for 4 hours only. Meniscus guided slot-die coating of active layers was performed
using optimized printing parameters in order to obtain homogeneous thin films with a
film thickness about 100 nm, which is reported to be ideal for application in organic solar
cells. [35] In this work, all active layers are printed at ambient conditions with a flow rate of
10 µl/s, a printing velocity of 10 mm/s, a height of 1 mm and a concentration of 7 mg/ml to
get a film thickness of (100 ±15) nm. The final dry film is transferred to a N2-filled glovebox.
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4.4. Organic Solar Cell Assembly

Inverted device geometry (glass/ITO/BHJ/MoO3/Al) is applied for all organic solar cells
fabricated in the context of this thesis. All active layers are printed using a custom-made
meniscus guided slot-die coater (Section 4.3). ITO coated glass substrates (Section 4.1)
are used as substrates and anode material. The conductive coating has to be partly
removed. Therefore, the center part of the ITO layer is covered with Scotch tape and
zinc powder is distributed over the spare area. Small stripes at the edges of the ITO
coated glass substrate are etched away with a button bud tipped into diluted HCl. The
remaining zinc powder is removed by rinsing the substrate with deionized water before
all substrates are sequentially ultrasonic cleaned and plasma treated (Section 4.2). A
photograph of a representative ITO coated glass substrate after etching and cleaning is
given in Figure 4.4a. The ZnO precursor solution is spin-coated on top of the ITO coated
glass substrate (Section 4.3) before annealing at 200 °C for 60 minutes in air. After cooling
down to room temperature, a BHJ layer is printed on top using a CB solution, containing
a conjugated donor polymer and a small molecule acceptor as well as appropriate volumes
of solvent additive. For all printed organic solar cells, slot-die coating of the active layer
was performed at ambient conditions in air. Optimized printing parameters (Section 4.3)
are applied to give a film thickness about 100 nm. The final dry film is cut into pieces
of 2.5 cm x 2.5 cm to fit into the masks used for physical vapor deposition of blocking
layers and electrodes and transferred to a N2-filled glovebox. Thin layers of MoO3 (10 nm,
0.2 Å/s) and aluminum (100 nm, 2.0 Å/s) are applied on top of the printed active layer via
physical vapor deposition under vacuum (10−5 mbar). A photograph of a representative
printed organic solar cell based on PBDB-T-SF:IT-4F is shown in Figure 4.4b.

Figure 4.4.: Photographs of (a) an ITO coated glass substrate (7.5 cm x 2.5 cm) after etching and
cleaning and (b) a representative slot-die coated organic solar cell based on PBDB-T-SF:IT-4F
(2.5 cm x 2.5 cm, 0.12 cm2 pixel size). Parts of the active layer were removed to enable contacting
the anode. Reproduced and adapted with permission from Wiley [177].
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The following chapter is based on the published articles: ”In Situ Printing: Insights into
the Morphology Formation and Optical Property Evolution of Slot-Die Coated Active
Layers Containing Low Bandgap Polymer Donor and Nonfullerene Small Molecule Ac-
ceptor” [177] (Kerstin S. Wienhold et al., Sol. RRL, vol. 4, no. 7, p. 2000086, 2020,
DOI: 10.1002/solr.202000086) and: ”Following In Situ the Evolution of Morphology and
Optical Properties during Printing of Thin Films for Application in Nonfullerene Acceptor
based Organic Solar Cells” [243] (Kerstin S. Wienhold et al., ACS Appl. Mater. Inter-
faces, vol. 12, no. 36, p. 40381–40392, 2020, DOI: 10.1021/acsami.0c12390). Content
and images are reproduced with permission from Wiley and American Chemical Society,
Copyright 2020.

Printing of active layers for high-efficiency organic solar cells with the slot-die coating
technique can overcome the challenge of up-scaling, which will be needed for organic
photovoltaics on the way to marketability. The morphology of a bulk-heterojunction (BHJ)
organic solar cell has a very high impact on its power conversion efficiency (PCE). Therefore,
it is of particular importance to understand the mechanisms of structure formation during

67
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printing of active layers to enable further optimization of the solar cell performance and
up-scaling of the production process. In Section 5.1, meniscus guided slot-die coating of the
blend of the low bandgap conjugated polymer donor PBDB-T-SF and the nonfullerene small
molecule acceptor IT-4F is studied in situ with optical microscopy, UV/vis spectroscopy,
and grazing incidence small-angle X-ray scattering (GISAXS). Furthermore, a blend of
the high-efficiency polymer donor PBDB-T-2Cl and the small molecule acceptor IT-4F is
studied in situ with GISAXS, grazing incidence wide-angle X-ray scattering (GIWAXS)
and UV/vis spectoscopy for different processing conditions (Section 5.2). For both systems
investigated, the structure formation is followed from the liquid to the final dry film
state. Thereby, five regimes of morphology formation are determined. The morphological
evolution in the printed active layer is correlated to changing optical properties of the thin
film. In the final dry film, polymer domains of several tens of nanometers are observed,
which will be favorable for application in high-efficiency organic solar cells.

5.1. In Situ Characterization of PBDB-T-SF:IT-4F

The conjugated low bandgap high-efficiency polymer donor PBDB-T-SF and the non-
fullerene small molecule acceptor IT-4F are printed out of chlorobenzene (CB) using a
meniscus guided slot-die coating technique at ambient conditions. Morphological changes
during film formation after slot-die coating the active layer are studied in situ with GISAXS,
optical microscopy, and UV/vis spectroscopy. The structure formation is followed from the
initial wet to the final dry film and results are correlated to changing optical properties.
Five regimes of morphology formation are identified by combining results from in situ
GISAXS, optical microscopy, and UV/vis spectroscopy.

5.1.1. Optical Microscopy

Active layers based on the conjugated donor polymer PBDB-T-SF and the nonfullerene
small molecule acceptor IT-4F are printed out of CB at room temperature at ambient
conditions. The slot-die coated thin film is analyzed in situ with optical microscopy to
follow the phase transition from the liquid state to the final dry film (Figure 5.1). Optical
changes at the surface of the printed active layer are observed and five regimes of film
formation are suggested from the large-scale structure evolution. During slot-die coating,
a solution of PBDB-T-SF and IT-4F, mixed in a 1:1 weight ratio in CB, is deposited on a
microscopic glass slide. The initially deposited wet film exhibits a smooth surface without
any distinct structure (Figure 5.1a). Within the first 140 s, no significant change occurs
on the sample surface. Between 140 and 345 s after processing, slight waves evolve at the
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film surface (Figure 5.1b). The curvature is enhanced significantly within the time period
between 345 and 460 s (Figure 5.1c). The film reaches a maximum of waviness before
the solution is drawn back between 460 and 500 s. Drying occurs from the edges to the
center of the substrate (Figure 5.1d). After 500 s, the slot-die coated active layer appears
completely dry and no optical changes occur anymore (Figure 5.1e). The final printed
film is homogeneous on the length scales resolved with microscopy.

Figure 5.1.: In situ optical microscopy of a slot-die coated active layer based on
PBDB-T-SF:IT-4F. Representative images are shown for different time periods after processing:
a) 0–140 s; b) 140–345 s; c) 345–460 s; d) 460–500 s; e) 500–550 s. Reproduced with permission
from Wiley.

The observation of surface waviness and the presence of different film formation regimes
resemble findings from earlier in situ spin-coating studies of thin polymer films although
spin-coating is the much faster process. [244] In an initial stage of spin-coating just as
for slot-die coated thin films, a flat uniform surface was reported because a sufficient
amount of solvent was present to completely dissolve the blend components. In the second
regime, solvent evaporation provoked the formation of a heterogeneous solution and larger
length scale structures about 100 µm, originating from Marangoni instabilities, were
observed during spin-coating. After further solvent evaporation, a dry blend film resulted.
Compared to spin-coated polymer films, on the mesoscopic scale, printed active layers
show a similar drying behavior, even though five phases instead of three regimes can be
distinguished and the time scales differ considerably.

5.1.2. UV/vis Spectroscopy

To further investigate the evolution of optical properties during printing of active layers
based on PBDB-T-SF:IT-4F, in situ UV/vis spectroscopy is performed. A full absorbance
spectrum is measured at different time steps to follow the transformation of the initial
wet film (Figure 5.2a, black) to the final dry film (Figure 5.2a, green). During drying,
absorbance of the thin film clearly increases in the wavelength range between 580 and
720 nm, whereas it decreases significantly between 450 and 579 nm. The absorption
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onset of the active layer shifts continuously towards lower energies. The bandgap is
determined with Tauc plot (Section 3.1) to be (1.63 ±0.04) eV in the initial wet film and
(1.52 ±0.04) eV in the final dry film, which resembles values obtained for spin-coated thin
films as well. [35]

Figure 5.2: In situ UV/vis spectroscopy of a
slot-die coated active layer. For each time step,
the absorbance spectrum is fitted with a set of
Gaussian functions of equal width. The broad-
ening is applied equally to all Gaussian functions
used in each new fit. a) A continuous change
in absorbance (bright blue) is observed during
phase transition from the wet film (black) to
the final dry film (green). b) For PBDB-T-SF,
the energy corresponding to the (0-0) transition
(black) and the FWHM of the Gaussian func-
tion (dark blue) are shown for different time
steps during the drying process. c) For IT-4F,
the evolution of the (0-0) transition (black) and
the FWHM of the Gaussian function (red) are
given during drying of the thin film. Repro-
duced with permission from Wiley.

Within the first 345 s, only a slight change of absorbance can be observed in the UV/vis
spectrum, whereas a pronounced change occurs between 345 and 460 s. Optical transi-
tions are determined by modeling the absorbance data by fitting each UV/vis spectrum
with a set of Gaussian functions (Section 3.1), which all have the same width. [178] For
PBDB-T-SF and IT-4F, absorbance spectra of a thin film and a dilute CB solution are
modeled with this approach to determine the electronic transitions of the polymer and
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the small molecule acceptor. In a thin film based on a 1:1 ratio of PBDB-T-SF and
IT-4F, electronic transitions of both materials overlap and add up to a broad absorbance
spectrum. The UV/vis spectrum obtained for the final dry film has absorbance maxima at
(630 ±5) nm and (730 ±5) nm (Figure 5.2a) and equals spectra obtained for spin-coated
active layers. The evolution of the (0-0) transition and the broadening of the full width
at half maximum (FWHM) of the corresponding set of Gaussian functions are given for
PBDB-T-SF (Figure 5.2b) and IT-4F (Figure 5.2c) for different time steps during printing.
For each time step, the absorbance spectrum is fitted with a set of Gaussian functions
of equal width. Then, the next spectrum is fitted with a new set of Gaussian functions
with different width. The width is adjusted for all the Gaussians simultaneously, i.e. the
broadening is applied equally to all Gaussians used in each new fit.

In agreement with the results obtained from in situ optical microscopy (Figure 5.1), five
regimes of film formation can be observed (Figure 5.2b,c). In the initial wet film, no optical
changes can be observed within the first 140 s. Between 140 and 345 s, the FWHM of
PBDB-T-SF (Figure 5.2b, dark blue) and IT-4F (Figure 5.2c, red) broadens and a slight
energy shift occurs for the (0-0) transition of IT-4F (Figure 5.2c, black), whereas the (0-0)
transition of PBDB-T-SF (Figure 5.2b, black) does not change significantly during drying
of the thin film. A significant change in absorbance (Figure 5.2a, bright blue) is observed
between 345 and 460 s. The absorbance of the thin film decreases in the wavelength
range between 580 and 720 nm, whereas it increases significantly between 450 and 579 nm.
Within the region of fast drying, a significant broadening of the FWHM is measured for
both PBDB-T-SF (Figure 5.2b, dark blue) and IT-4F (Figure 5.2c, red) and an energy
shift of the (0-0) transition of IT-4F (Figure 5.2c, black) is observed. Between 460 and
500 s, the FWHM of PBDB-T-SF and IT-4F as well as the (0-0) transition of IT-4F in
the almost dry film shift slightly. After 500 s, optical properties of the thin film are stable
and no further change can be observed.

Table 5.1 shows the electronic transitions for the conjugated polymer and the small molecule
acceptor in a slot-die coated active layer for the initial wet film and the final dry film. The
(0-0) transition of IT-4F is clearly red-shifted from (1.73 ±0.01) eV to (1.67 ±0.03) eV,
an effect, which is well known for many small molecule acceptors. [245,246] The (0-1) tran-
sition does not shift significantly, whereas the (0-2) and (0-3) transitions are blue-shifted
from (1.92 ±0.01) to (2.03 ±0.03) eV and from (2.01 ±0.01) to (2.22 ±0.02) eV. The
width of the set of Gaussian functions increases from (0.185 ±0.005) to (0.270 ±0.005) eV
during drying, implying an increase in disorder in the active layer. [178,247] We assume
that this increase in disorder originates from formation of different domain sizes in the BHJ
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Table 5.1.: Electronic Transitions of IT-4F and PBDB-T-SF in the Initial Wet Film and the
Final Dry Film determined by Modeling the UV/vis Spectra with Sets of Gaussian Functions.

material IT-4F IT-4F IT-4F IT-4F

order of transition 0-0 0-1 0-2 0-3
transition in wet film [eV] 1.74±0.01 1.83±0.01 1.92±0.01 2.01±0.02
transition in dry film [eV] 1.65±0.02 1.84±0.02 2.03±0.02 2.22±0.02

material PBDB-T-SF PBDB-T-SF PBDB-T-SF PBDB-T-SF

order of transition 0-0 0-1 0-2 0-3
transition in wet film [eV] 2.00±0.01 2.14±0.01 2.28±0.02 2.42±0.02
transition in dry film [eV] 2.00±0.01 2.15±0.01 2.30±0.02 2.45±0.02

layer, different arrangement of polymer chains, depending on surrounding molecules, and
a strong interaction between polymer and acceptor molecules. In contrast, in a solution,
active materials mainly interact with solvent molecules. During drying of PBDB-T-SF,
no significant shift of electronic transitions is observed. The absence of any pronounced
bathochromic shift is due to a very effective aggregation of polymer chains in the precursor
solution. [248–250] This effect results from fluorination of the polymer, provoking F-H and
F-S interactions. [35,248] Strong intermolecular π-π stacking in the dry film is expected to
effectuate improved charge transport between polymer molecules but lowers the solubility
of PBDB-T-SF. To minimize unfavorable solvent-polymer interactions, aggregates are
formed in solution, facilitating nanophase separation and formation of a BHJ structure in
the printed active layer. [251–253] Just as for the acceptor, the width of the set of Gaussian
functions for the donor polymer is broadening during drying. The width changes from
(0.250 ±0.005) eV in the wet film to (0.265 ±0.005) eV in the final dry film, indicating
an increasing disorder in the polymer domains during drying of the thin film. [247] The
energy shift of electronic transitions, together with an increase in the width of the set of
Gaussian functions, provoke an overall broadening of the absorbance spectrum as well as
a shift of the bandgap towards lower energies.

In contrast to the five regimes observed for slot-die coated PBDB-T-SF:IT-4F films in
this study, only three phases of structure formation were reported for P3HT:PCBM thin
films during wet chemical deposition. [62, 63] Wang et al. followed the evolution of the
extinction coefficient of doctor bladed thin films with in situ ellipsometry. [62] Within the
first phase, the absorbance spectra resembled the spectrum of a dilute solution, which
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is in agreement with our findings. In the second drying phase, a significant red-shift
of absorbance was observed and the extinction coefficient increased. In this study, for
printed PBDB-T-SF:IT-4F, this regime is further subclassified as the observed optical
changes in thin PBDB-T-SF:IT-4F films occur with different velocities. In the third phase
described for P3HT:PCBM, the drying process slowed down until the thin film had fully
solidified, whereas in this work, the last regime is defined to be the final dry film only. In
addition to these studies, for spin-coated thin films based on P3HT:PCBM, the evolution
of absorbance was followed with in situ UV/vis spectroscopy as well. [63] In the first stage,
reduction of absorbance due to ejection of solution was reported. In the second stage,
a steady state was reached. The solvent evaporation was ongoing but did not change
the solution state of P3HT. In the third stage, the thin film was in a solid state and the
absorbance increased until a plateau was reached. Even though the drying phases observed
for doctor bladed or spin-coated P3HT:PCBM and slot-die coated PBDB-T-SF:IT-4F
differ, all film formation processes show a red-shift and broadening of absorbance spectra.
This is very favorable for application in organic solar cells as the solar spectrum can be
exploited more efficiently.

5.1.3. Grazing Incidence Small-Angle X-ray Scattering

The kinetics of inner morphology formation of a slot-die coated active layer is probed via
GISAXS. Horizontal line cuts of 2D GISAXS data are performed at the critical angle
of PBDB-T-SF (Yoneda region) to trace the evolution during the in situ experiment
(Figure 5.3). Average structure sizes and corresponding average distances between polymer
domains can be obtained by modeling the horizontal line cuts with a model based on the
DWBA and the LMA (Subsection 2.3.2). [151,254,255] In this model, polymer domains
are described as cylindrical structures, which is a common approach in polymer physics to
describe polymer thin films. [30,31,70]

Figure 5.3b shows data points obtained from the scattering experiments (black dots) as
well as the modeling results (red line) from the beginning (bottom) to the end of the
drying process (top). Structure parameters are obtained by modeling the horizontal line
cuts with three substructures (Figure 5.4). For the photovoltaic performance, the medium
structure size (Figure 5.4, blue), which is about (40 ±1) nm for the final dry film, is most
relevant as it fits typical exciton diffusion lengths. [108, 109] In the vertical line cuts of
2D GISAXS data, no characteristic scattering signal of correlated roughness [256–258] is
observed (Figure A.5). Thus, along the surface normal, no enrichment layers are present.
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Figure 5.3.: In situ GISAXS follows the morphology change during drying of a slot-die coated
thin film of PBDB-T-SF:IT-4F. a) Color mapping of horizontal line cuts performed at the critical
angle of the polymer over time shows five regimes of film formation. b) Stacking of horizontal
line cuts (black dots) and modeling results (red lines) from the initial wet film (bottom) to the
final dry film (top) by applying a model based on the DWBA and the LMA. Data are shifted
along the intensity axis for clarification. Reproduced with permission from Wiley.

In the in situ GISAXS experiment, five regimes of film formation, which are in agreement
with the phases determined with in situ UV/vis spectroscopy, are distinguished (Figure 5.4
and 5.5). In the initial time period after processing, the wet film shows no significant
morphological change within the first 140 s. However, some polymer agglomerates already
exist in the very beginning (Figure 5.4a and 5.5, blue cylinders) and solvent molecules
evaporate (Figure 5.5, golden spheres). Structure sizes are about (100 ±2) nm for the
largest (Figure 5.4a, black), (26 ±1) nm for the medium (Figure 5.4a, blue) and (4 ±1) nm
for the smallest structure (Figure 5.4a, green). The corresponding distances are about
(450 ± 10) nm, (130 ± 7.0) nm, and (80 ± 5.0) nm (Figure 5.4b). Between 140 and
345 s after thin film deposition, polymer chains in solution start to be integrated in the
cylindrically shaped polymer domains (Figure 5.5, blue chains and cylinders). In this
region, the three substructures grow slowly and reach average domain sizes of (105 ±1) nm,
(31 ±1) nm, and (6 ±1) nm, whereas the average distances do not change (Figure 5.4
and 5.5). In the third region, occuring between 345 and 460 s, distinct and fast growth of
structures is visible, whereas the average distances do not change significantly (Figure 5.4
and 5.5). The average structure sizes grow to (107 ±1) nm for the largest, (40 ±1) nm
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for the medium, and (7 ± 1) nm for the smallest domain size. In the fourth region,
occuring between 460 and 500 s, the thin film is almost dry and structures stop growing
(Figure 5.4a and 5.5). Within this region of drying, residual solvent evaporates, provoking
compaction [259,260] of the thin film and a reduction of average distances to (410 ±8) nm,
(100 ± 7) nm, and (57 ± 5) nm for large, medium, and small structures (Figure 5.4b).
In the final region, occuring after 500 s, the thin film is completely dry and average
domain sizes and corresponding distances are stable (Figure 5.4 and 5.5). The dry film
morphology of slot-die coated thin PBDB-T-SF:IT-4F films with structure sizes of some
tens of nanometers is in agreement with structure sizes observed with AFM at the surface
of spin-coated thin films, although the largest structure size is not reported in the earlier
work. [35]

Figure 5.4: a) Average structure sizes
and b) average distances obtained by
modeling horizontal line cuts of the
in situ GISAXS experiment. Structure
evolution, occurring during the in situ
GISAXS experiment, is shown for the
largest (black squares), medium (blue
circles), and smallest (green triangles)
polymer substructure. Error bars give
an estimate about the fit precision and
give a range in which the fit still de-
scribes the data. Five regimes of film
formation can be distinguished and are
denoted I–V. Splines are guides to the
eye. Reproduced with permission from
Wiley.

In previous studies on printed thin films based on different materials, three or five
phases of structure formation were reported from in situ GISAXS and grazing incidence
X-ray diffraction (GIXD) experiments. For example, in case of active layers based on
DPPBT:PCBM, only three regimes were distinguished. [54] In the first phase, the material
was well dissolved. In the second phase, solvent evaporated quickly, provoking polymer
aggregation. In the third phase, further aggregation, formation of fibrils, and quick
crystallization occurred until the final morphology was reached. For doctor bladed thin
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Figure 5.5: Schematic of structure evolu-
tion during drying of the printed active layer
over time (from top to bottom), showing se-
lected building blocks from the active layer
morphology. Three sizes of polymer sub-
structures (blue cylinders), polymer chains in
solution (blue chains), the small molecule ac-
ceptor (red cuboids), and solvent molecules
(golden spheres), evaporating during the dry-
ing process, are shown. Five stages of drying
are illustrated. (I) Some polymer domains
already exist in the beginning and solvent
molecules evaporate. (II) Domains grow by
incorporating polymer chains. (III) Distinct
structure change and evaporation of solvent
occurs. (IV) Polymer domains stop growing
and average distances decrease. (V) The
final dry film with stable morphology is ob-
served. Reproduced with permission from
Wiley.

films based on pBTT-C14:PCBM, five regimes were observed, differing from the five
phases observed for slot-die coated PBDB-T-SF:IT-4F films. [61] In the first phase, the
solvent evaporated quickly, whereas the solubility limit was increased by remaining solvent
additive. In the second phase, interlamellar spacing decreased and crystallinity increased,
whereas the distances observed in PBDB-T-SF:IT-4F were constant in this regime. In
the third phase, solvent additive evaporated and further crystallization occurred, whereas
for PBDB-T-SF:IT-4F rapid growth of amorphous domains was reported. In the fourth
phase, backbone spacing decreased, resulting in a denser packing of the polymer, which
resembled the observed decrease in distances in thin PBDB-T-SF:IT-4F based films. In
the fifth phase, the film was dry and no further change of morphology occured. In addition,
also for slot-die coated P3HT:PCBM, five regimes were distinguished with GISAXS,
which again differ in the details from the five phases observed for pBTT-C14:PCBM or
PBDB-T-SF:IT-4F. [97] The first phase was described as a well dissolved state. In the
second phase, the domain radius increased slowly, whereas a fast decrease in distances was
observed. In contrast, for PBDB-T-SF:IT-4F, distances did not change in this regime. In
the third phase, a rapid structure growth and slight increase in distances occured, which
is in contrast to the constant distances observed during printing of PBDB-T-SF:IT-4F
and pBTT-C14:PCBM. In the fourth phase, a further structure growth was observed
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and distances were constant, whereas no structure growth but a decrease in distances
is observed for the other systems. In the last phase, the thin film was dry and stable.
Therefore, the observed stages of structure formation differ significantly for different
material systems, indicating that knowledge gained from one system cannot simply be
transferred to another system.

5.1.4. Discussion

In in situ optical microscopy, UV/vis spectroscopy, and GISAXS, five regimes of film
formation can be observed. Five stages were already reported for printing of P3HT:PCBM
thin films. [97] In the initial time period after processing, the slot-die coated thin film is
wet and no significant change of optical properties (Figure 5.1 and 5.2) or morphology
(Figure 5.4) occurs within the first 140 s. Between 140 and 345 s, average structure
sizes of polymer domains start to grow slowly (Figure 5.4a), absorbance of the thin film
changes (Figure 5.2), and surface waviness (Figure 5.1b) increases simultaneously. In
the third region of drying, occuring between 345 and 460 s, distinct and fast growth
of nanostructures can be observed (Figure 5.4a), provoking a very pronounced change
of optical properties in the active layer (Figure 5.2). The bandgap of the active layer
clearly red-shifts from (1.63 ±0.04) eV to (1.52 ±0.04) eV and a shift of energy levels
occurs. Data modeling with sets of Gaussian functions shows a broadening FWHM for
the polymer and the acceptor (Figure 5.2b,c), indicating an increase in disorder in the
active layer. In addition, distinct waves are visible at the sample surface (Figure 5.1c).
Between 460 and 500 s, average distances between the polymer domains are reduced
(Figure 5.4b) in the almost dry film and a withdrawal of solution from the edges to the
center of the substrate is visible in optical microscopy (Figure 5.1d). A slight broadening
of the FWHM can be observed for PBDB-T-SF and IT-4F as well as a shift of the (0-0)
transition of IT-4F (Figure 5.2b,c). After 500 s, the slot-die coated active layer has
solidified and the morphology and optical properties are stable. Thus, the structure
formation of PBDB-T-SF:IT-4F films during slot-die coating differs from that reported
in earlier studies performed on other material systems. Therefore, new and promising
materials need to be studied individually to understand their structure formation process,
which will be prerequisite for further optimization of the printing process and the device
performance. In the following chapter, the evolution of morphology and optical properties
is studied in situ for slot-die coated active layers based on the conjugated donor polymer
PBDB-T-2Cl and the nonfullerene small molecule acceptor IT-4F (Section 5.2).
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5.2. In Situ Characterization of PBDB-T-2Cl:IT-4F

Active layers based on the conjugated polymer donor PBDB-T-2Cl and the nonfullerene
small molecule acceptor IT-4F are printed with a slot-die coating technique and probed
in situ with GISAXS, GIWAXS and UV/vis spectroscopy. The morphology formation is
followed from the liquid state to the final dry film for different printing conditions (at 25 °C
and 35 °C), and five regimes of film formation are determined. Morphological changes are
correlated to changing optical properties. During film formation, crystallization of the
nonfullerene small molecule acceptor takes place, and polymer domains with sizes of some
tens of nanometers emerge and a red-shift of the optical bandgap as well as a broadening
of the absorbance spectrum occurs.

5.2.1. Grazing Incidence Small-Angle X-ray Scattering

In situ GISAXS follows the evolution of mesoscale structures during film formation of
PBDB-T-2Cl:IT-4F based active layers printed with a meniscus guided slot-die coating
technique. Horizontal line cuts of 2D GISAXS data are performed at the critical angle
of PBDB-T-2Cl (Yoneda region) to obtain material sensitive information. The critical
angle for PBDB-T-2Cl is calculated to be 0.10° for the applied X-ray energy of 12.85 keV.
Below the critical angle of the polymer, total reflection occurs, whereas at higher incident
angles, the X-ray beam penetrates the thin film.

Figure 5.6 shows the temporal evolution of the horizontal line cuts. Five regimes of film
formation (I-V) are indicated for the active layer printed at a substrate temperature of
25 °C (Figure 5.6a,b) and 35 °C (Figure 5.6c,d). The overall drying time and extension
of the regimes are reduced due to heating, a behavior which was already observed in a
previous in situ study. [261] Horizontal line cuts are modeled with a well-established model
based on the EIA of the DWBA (Subsection 2.3.2), a first order perturbation theory, taking
into account that the X-ray beam can be reflected at an interface before or after being
scattered at the scattering object or both. The model is combined with the LMA, assuming
locally nearly monodisperse domains, which can change on a mesoscopic scale. Thus,
average structure sizes and distances of polymer domains can be determined. [151,254,255]
For PBDB-T-2Cl, three cylindrical substructures are used to model horizontal line cuts,
which describes average inner film structures in a statistical way and is well-established in
the analysis of printed polymer films. [30, 31,70] Examples of these model fits are seen in
Figure 5.6b,d (red lines).
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Figure 5.6.: In situ GISAXS probes the structure evolution during film formation of thin films
printed at (a,b) 25 °C and (c,d) 35 °C. (a,c) In the 2D color mapping, five regimes of film
formation (I–V) are separated by vertical dashed lines. (b,d) Horizontal line cuts (black dots)
are shown together with best model fits (red lines) to follow the morphological evolution during
printing (bottom, wet film; top, final dry film). The horizontal line cuts are shifted along the
intensity axis for clarification. Reproduced with permission from ACS publishing.

In Figure 5.7, structure parameters extracted by modeling the horizontal line cuts are
depicted. For the evolution of average structure sizes and distances, five regimes of film
formation are again distinguished for the film printed at 25 °C (Figure 5.7a,b) and at
35 °C (Figure 5.7c,d). For both printing conditions, film formation undergoes the same
mechanism but occurs significantly faster at higher temperatures.



80 Chapter 5. In Situ Printing

Figure 5.7.: Characteristic structure sizes obtained by modeling horizontal line cuts for thin films
printed at (a) 25 °C and (c) 35 °C and corresponding distances for films printed at (b) 25 °C
and (d) 35 °C. Morphological evolution during film formation can be followed for the smallest
(green triangles), medium (blue circles), and largest (black squares) polymer substructure with
error bars, estimating the fit error and giving a range in which the fit still describes the scattering
data. Five phases of film formation are determined and denoted I–V. Solid lines are guides to the
eye. Reproduced with permission from ACS publishing.

In the first phase, appearing within the first 180 s for 25 °C or 85 s for 35 °C, a wet film
is observed. Some polymer agglomerates exist already in the solution, but significant
morphological changes do not occur in this regime. For the sample printed at 25 °C,
structure sizes are about (91 ±5) nm for the largest (Figure 5.7a, black), (26 ±1) nm for
the medium (Figure 5.7a, blue), and (6 ±1) nm for the smallest structure (Figure 5.7a,
green), whereas for the film processed at 35 °C, structure sizes of (90 ±5) nm for the largest
(Figure 5.7c, black), (19 ± 1) nm for the medium (Figure 5.7c, blue), and (5 ± 1) nm
for the smallest structure (Figure 5.7c, green) are observed in the initial state. Average
distances are about (230 ±10), (135 ±5), and (75 ±5) nm for 25 °C (Figure 5.7b) and
(230 ±10), (150 ±5), and (100 ±5) nm for 35 °C (Figure 5.7d). In the second regime,
occuring until 220 s for 25 °C or 95 s for 35 °C, solvent molecules evaporate and polymer
chains start to be integrated in the cylindrically shaped polymer domains, but average
distances do not change. In this phase, polymer domains grow to average sizes of (92 ±5),
(27 ±1), and (7 ±1) nm at a printing temperature of 25 °C and (91 ±5), (21 ±1), and



5.2. In Situ Characterization of PBDB-T-2Cl:IT-4F 81

(6 ±1) nm for 35 °C, whereas average distances remain unchanged. In the third regime,
a rapid structure growth of polymer domains by further integration of polymer chains
is observed. For slot-die coating at room temperature, polymer structure sizes grow to
(96 ±5), (28 ±1), and (9 ±1) nm between 220 and 280 s, whereas at a temperature of
35 °C, domains grow to average sizes of about (95 ±5), (24 ±1), and (8 ±1) nm in the
regime between 95 and 125 s. For both printing conditions, average distances stay constant.
In the fourth regime, occuring from 280 to 390 s at 25 °C or from 125 to 135 s at 35 °C,
significant reduction of distances starts, whereas slight structure growth is still ongoing.
At the end of the fourth phase, structure sizes for the film printed at room temperature
are about (100 ±5), (29 ±1), and (11 ±1) nm with distances of (212 ±10), (117 ±5),
and (67 ±5) nm. For the active layer slot-die coated at 35 °C, average structure sizes
grow to (97 ±5), (25 ±1), and (9 ±1) nm, whereas distances are reduced to (215 ±10),
(135 ±5), and (85 ±5) nm. In the last regime, the film is completely dry and the observed
morphology is stable. For the film printed at 25 °C, average structure sizes of (105 ±5),
(30 ±1), and (13 ±1) nm and distances of (210 ±10), (115 ±5), and (65 ±5) nm are
observed in the final dry film. In the active layer slot-die coated at 35 °C, similar distances
but smaller average structure sizes are present in the final dry film. Average domain sizes
are determined to be about (98 ± 5), (26 ± 1), and (10 ± 1) nm with corresponding
distances of (200 ±10), (115 ±5), and (65 ±5) nm. For both printing conditions, the
medium structure is assumed to be most relevant for solar cell performance as it fits typical
exciton diffusion length scales. [108, 109] Generally, in this work, smaller domains and
larger average distances are observed at higher processing temperatures. We assume the
initial difference in size and distance of polymer agglomerates occurs due to preheating
of the printing solution to the respective thin film deposition temperature. At higher
temperatures, the kinetic energy of polymer chains in the solution is enhanced, reducing
agglomeration of polymer chains. During drying, higher temperature accelerates solvent
evaporation. Therefore, polymer chains have less time to rearrange and attach to growing
polymer domains.

Besides lateral structure information obtained by modeling horizontal line cuts, vertical
structure information is extracted from vertical line cuts of 2D GISAXS data. Since
no characteristic scattering signal of correlated roughness is observed in the vertical
line cuts for thin films processed at 25 °C or 35 °C, the printed films do not show en-
richment layers irrespective of the printing temperature. [256–258] Thus, discussion of
characteristic structures can be restricted to lateral direction. Structure sizes observed for
slot-die coated active layers share some similarity with those reported from spin-coated
PBDB-T-2Cl:IT-4F based thin films, for which a broad distribution of structure sizes,
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ranging from a few nanometers to several hundreds of nanometers, was observed in previous
studies. [236] Identification of different film formation regimes during printing was also
reported for other systems, even though details of the film formation mechanism such
as the temporal evolution of distances were different and are therefore rather material-
specific. For example, for slot-die coated P3HT:PCBM, Pröller et al. reported a decrease
in distances in the second regime, followed by an increase in interdomain distances in the
subsequent regime. [97] In contrast, in the study of PBDB-T-2Cl:IT-4F, average distances
do not change within the first three regimes and decrease in the fourth regime only.
Concerning the evolution of average structure sizes, the film formation kinetics observed
for P3HT:PCBM resembles that of PBDB-T-2Cl:IT-4F and also a similar impact of print-
ing temperature was found in this system. In contrast, in a study performed on printed
films based on DPPBT:PCBM, only three regimes of film formation were distinguished. [54]

With respect to the very similar system PBDB-T-SF:IT-4F, basically the same film
formation regimes were observed as for PBDB-T-2Cl:IT-4F. [177] In both studies, the
active material was slot-die coated out of CB. However, differences are found in the details
of film formation. In particular, temporal evolution and duration of the five regimes differs.
In comparison to the previous study, the duration of the regimes observed for active
layers based on PBDB-T-2Cl:IT- 4F is shorter even for the experiment performed at room
temperature. As final dry film thicknesses were very similar, we assume this originates
from weaker intermolecular interactions between PBDB-T-2Cl and other polymer or
acceptor molecules. Chlorination results in decreased intermolecular packing and overall
lower crystallinity compared to the fluorinated counterpart because the size of a chlorine
atom is bigger than that of a fluorine atom. [236] In contrast, PBDB-T-SF shows strong
intermolecular interaction with other polymer molecules due to attractive F-H and F-S
interactions. [35] Therefore, rearrangement of chlorinated polymer chains is facilitated
compared to the fluorinated counterpart and a faster formation of the BHJ structure
occurs. Experimentally, much higher solubility was observed for PBDB-T-2Cl, indicating
enhanced interaction with solvent molecules. In addition, in the initial wet film, the size
of the largest substructure was reduced for the chlorinated polymer, indicating weaker
aggregation in solution. For the medium substructure, domain sizes were identical, whereas
the smallest domain was found to be larger for PBDB-T- 2Cl. In the final dry film, smaller
domains were observed for the largest and the medium substructure, whereas the smallest
substructure was found to be larger. Therefore, the deviation of structure sizes is smaller
for the chlorinated polymer. This is favorable for application in organic solar cells as
both very small and very large structures decrease the photovoltaic performance as charge
trapping or reduced exciton splitting probability due to decreased interface-to-volume ratio
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will occur, respectively. [31,262] However, the observation of very similar film formation
kinetics on the mesoscale indicates that polymers with similar chemical structure can follow
a very similar film formation mechanism. This implies that slight chemical modifications
will not impact seriously on the film formation process, which facilitates the synthesis of
advanced low bandgap polymers with favorable drying kinetics and improved solar cell
performance.

5.2.2. Grazing Incidence Wide-Angle X-ray Scattering

To probe the evolution of crystalline structures during film formation of PBDB-T-2Cl:IT-4F
based active layers, in situ GIWAXS is performed. In Figure 5.8, representative 2D
GIWAXS data are shown for different time steps during film formation of thin films printed
at 25 °C (Figure 5.8a–d) and 35 °C (Figure 5.8e–h).

Figure 5.8.: 2D GIWAXS data for different time steps during film formation of active layers
printed at (a–d) 25 °C after (a) 120 s, (b) 250 s, (c) 320 s, and (d) 420 s, and at (e–h) 35 °C after
(e) 80 s, (f) 120 s, (g) 140 s, and (h) 150 s. The CB peak (marked in image a) vanishes during
film formation, whereas the (100) IT-4F Bragg peak (marked in image d) develops. Reproduced
with permission from ACS publishing.

After thin film deposition, a strong scattering signal attributed to CB is observed (Fig-
ure 5.8a,e), which decreases over time (Figure 5.8b,f). With further solvent evaporation,
the (100) IT-4F Bragg peak is observed (Figure 5.8c,g). This peak broadens and increases
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in intensity until the final active layer morphology is reached (Figure 5.8d,h). Azimuthal
q integrals, covering a qz range of 1.7–16.7 nm−1, are shown for thin films printed at 25 °C
(Figure 5.9a) and 35 °C (Figure 5.9c) to illustrate the decrease in CB content and increase
in the (100) IT-4F Bragg peak during drying.

Figure 5.9.: Evolution of (a,c) azimuthal q integrals and (b,d) radial integrals performed at the
(100) IT-4F Bragg peak position. The (100) IT-4F Bragg peak and the CB peak are labeled with
red arrows (image a). In the azimuthal q integral for films printed at (a) 25 °C and (c) 35 °C,
the intensity of the (100) IT-4F Bragg peak increases during film formation, whereas the solvent
signal vanishes as indicated by arrows. Tube cuts (dots), performed for films printed at (b) 25 °C
and (d) 35 °C, are analyzed by fitting of Gaussian functions (solid lines), increasing in intensity
during film formation. The gray bar masks the inaccessible q range. Reproduced with permission
from ACS publishing.

The intensity of the (100) Bragg peak in the final dry film is significantly higher for the
thin film printed at 25 °C compared to that at 35 °C, indicating higher crystallinity at
lower temperatures. At room temperature, it is assumed that the slower drying process
provides sufficient time for IT-4F molecules to rearrange and to crystallize. In contrast,
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solvent evaporates more rapidly at higher temperatures. As soon as the solvent is removed,
molecules are immobilized and cannot crystallize further. For the active layer slot-die
coated at 25 °C (Figure 5.9b) and 35 °C (Figure 5.9d), tube cuts (colored dots) are
performed in the q range attributed to the (100) Bragg peak of the small molecule acceptor.
In agreement with findings from previous studies, the q-position shifts during solvent
evaporation. [97] Therefore, tube cuts are performed in a slightly different q range for
different time steps during film formation. For the dry film, tube cuts are performed in
the q range from 2.65 to 3.15 nm−1, which has been determined to be the (100) IT-4F
Bragg peak and can be assigned to edge-on orientation of crystallites. [192, 263] By fitting
scattering data with Gaussian functions (solid lines), increase in intensity and broadening
are observed during film formation. At room temperature, the FWHM of the Gaussian
function increases continuously from (31.4 ±2.8)° to (39.2 ±0.5)° from the first observation
of the (100) IT-4F Bragg peak to the final dry film, indicating an enhanced rotational
disorder of crystallites in the active layer. For the thin film deposition at 35 °C, the
FWHM increases from (9.4 ±1.5)° to (19.8 ±0.5)°. As a result, at lower temperatures,
longer overall drying time not only increases degree of crystallinity but also rotational
disorder of resulting crystals. [148] Due to edge-on orientation of resulting crystals, charge
transport parallel to the electrodes will be facilitated, which would not have a positive
effect on the device performance. [148,264,265]

In Figure 5.10, decrease in relative CB content (yellow dots) and increase in normalized
IT-4F intensity (dark red dots), which is proportional to the number of crystalline domains,
are given for different time steps for thin films printed at 25 °C (Figure 5.10a) and 35 °C
(Figure 5.10c). Crystal sizes estimated by the Scherrer equation (bright red dots) and shift
of the q-position of the (100) IT-4F Bragg peak (black dots), which is inversely proportional
to the lattice spacing, are shown for active layers processed at 25 °C (Figure 5.10b) and
35 °C (Figure 5.10d). In agreement with findings from the in situ GISAXS experiment,
five regimes of film formation are distinguished. In the first regime, occuring within the
first 180 s at 25 °C or 85 s at 35 °C, a strong scattering signal originating from the solvent
and no scattering contribution from the active materials are observed in the wet film
(Figure 5.10a,c). IT-4F molecules are well dissolved in the CB solution. In the second
phase, occuring until 220 s at 25 °C or 95 s at 35 °C, relative CB content decreases to
(0.95 ±0.17). Rapid solvent evaporation is observed in the third regime, occuring between
220 and 280 s at a printing temperature of 25 °C, and between 95 and 125 s at 35 °C,
provoking a decrease in relative CB signal intensity to (0.35 ± 0.10) or (0.65 ± 0.17),
respectively. In the fourth phase, residual solvent evaporates. This causes compaction of
the thin film, reduction of lamellar spacing, and rapid crystallization of IT-4F. [259,260]



86 Chapter 5. In Situ Printing

For the sample printed at room temperature, the relative IT-4F intensity increases to
(0.94 ±0.14), whereas the CB intensity vanishes in the time period between 280 and 390 s.
Simultaneously, the q-position shifts from (2.27 ±0.05) to (2.76 ±0.05) nm−1 and crystals
grow to a size of (9.5 ±1) nm.

Figure 5.10.: Analysis of GIWAXS data. Intensities of CB (yellow) and IT-4F (red) signals are
normalized to the maximum value for thin films printed at (a) 25 °C and (c) 35 °C. Minimum
crystallite sizes are estimated by the Scherrer equation (red) and q-positions of the Bragg
peaks (black) are shown for thin films processed at (b) 25 °C and (d) 35 °C. Five regimes of
film formation (I–V) are separated by vertical dashed lines. Solid lines are guides to the eye.
Reproduced with permission from ACS publishing.

For the thin film slot-die coated at 35 °C, the normalized IT-4F intensity increases
to (0.80 ± 0.16) and the solvent intensity vanishes, whereas crystals grow to a size of
(7.5±1) nm and the q-position shifts from (2.20 ±0.05) to (2.70 ±0.05) nm−1 between
125 and 135 s. In contrast, amorphous polymer domains, which are observed with GISAXS,
have already reached their final size, whereas average distances decrease in this regime.
In the fifth region of film formation, the final morphology is present and IT-4F crystals
stop growing. For the active layer printed at 25 °C, a crystal size of (10 ±1) nm and a
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q-position of (2.76 ±0.05) nm−1 are observed in the final dry film. For the sample slot-die
coated at 35 °C, a crystal size of (9 ± 1) nm with a q-position of (2.7 ± 0.1) nm−1 is
observed. Thus, for both printing temperatures studied, similar crystal sizes and similar
lattice spacings are found, but overall crystallinity and rotational disorder are significantly
higher for the thin film printed at lower temperature. For both printing conditions studied,
crystallites are oriented predominantly edge-on. In agreement with results obtained from
the in situ GISAXS experiments, details of the film formation mechanism are found to be
material-specific and differ in several details from other polymer and acceptor molecules. In
previous studies, the evolution of crystalline structures during film formation was studied
with GIWAXS and grazing incidence X-ray diffraction (GIXD). For slot-die coated thin
films based on DPPBT:PCBM, Liu et al. observed three phases of film formation. The
first regime was described as a dissolved state. Rapid solvent evaporation and polymer
aggregation occurred in the second phase. In the third regime, fibrils developed and
rapid crystallization took place until the final film structure emerged. For P3HT:PCBM,
Pröller et al. distinguished five regimes of film formation, differing from the film formation
behavior found in this work for PBDB-T-2Cl:IT-4F, in particular concerning the temporal
evolution. For the fullerene based active layer, first P3HT crystals were already observed
in the second phase. Crystal size and (100) P3HT Bragg peak intensity increased in the
third phase, whereas backbone spacing was reduced in the fourth phase. In contrast,
for PBDB-T-2Cl:IT-4F, crystal structures were observed later and the rapid growth of
crystalline structures occurred simultaneously to the reduction of backbone spacing. Thus,
crystallization during film formation depends on chemical details of the used materials.

5.2.3. UV/vis Spectroscopy

The evolution of optical properties during thin film formation is followed in situ with
UV/vis spectroscopy. At different time steps during film formation, a full absorbance spec-
trum is probed for active layers printed at 25 °C (Figure 5.11a) and 35 °C (Figure 5.11b).
At both temperatures, a similar evolution of optical properties is observed. As expected,
the evolution of optical properties occurs much faster at higher temperatures. During
film formation, absorbance decreases in the wavelength range between 600 and 700 nm
and increases for shorter wavelengths, whereas the absorption onset shifts continuously
towards lower energies. For both printing conditions, the optical bandgap is determined
with a Tauc plot to be (1.64 ±0.04) eV for the wet film and (1.52 ±0.04) eV for the dry
film. Absorbance spectra of slot-die coated PBDB-T- 2Cl:IT-4F thin films have similar
peak positions and a similar absorption onset compared to reported spin-coated layers.
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Figure 5.11.: Analysis of in situ UV/vis spectroscopy data. A continuous change in absorbance
(bright blue) during transition from the wet (black) to the final dry film (green) is observed for
thin films printed at (a) 25 °C and (b) 35 °C. The energy, corresponding to the (0-0) IT-4F
transition (black), and the FWHM of the corresponding Gaussian function (red) are shown for
films printed at (c) 25 °C and (d) 35 °C. For PBDB-T-2Cl, the evolution of the (0-0) transition
(black) and the FWHM of the Gaussian function (blue) are shown for different time steps during
the film formation process of a thin film processed at (e) 25 °C and (f) 35 °C. Reproduced with
permission from ACS publishing.



5.2. In Situ Characterization of PBDB-T-2Cl:IT-4F 89

However, relative intensities of peaks differ, which is assumed to be due to different thin
film deposition methods, provoking slightly different inner morphologies. For slot-die
coated active layers printed at different temperatures, absorbance spectra normalized on
the film thickness show different peak intensities as well. Therefore, it is assumed that the
relative peak intensities depend critically on the printing conditions. In comparison to the
thin film printed at 35 °C, the active layer printed at 25 °C shows increased absorbance
in the wavelength ranges from 550 to 650 nm and from 680 to 750 nm and decreased
absorbance at shorter wavelengths. To gain insights into the film formation kinetics,
optical transitions are determined by fitting absorbance spectra with sets of Gaussian
functions. [178] To follow the evolution of energy levels of optical transitions, each UV/vis
spectrum is fitted with a set of Gaussian functions of equal width and the next spectrum
is fitted with a new set of Gaussian functions with different width for all of the functions
simultaneously.

For both printing conditions, film formation occurred via the same mechanism but signifi-
cantly faster at higher temperature. Electronic transitions of the acceptor and the polymer
as well as the FWHM of the corresponding set of Gaussian functions showed no significant
difference for the sample printed at 25 °C compared to that processed at 35 °C. For both
printing conditions, the FWHM broadens from (0.185 ± 0.005) to (0.270 ± 0.005) eV
for IT-4F and from (0.205 ± 0.005) to (0.265 ± 0.005) eV for PBDB-T-2Cl, indicating
an increase in disorder in the BHJ layer. [178,247] This increase in disorder during film
formation is assumed to originate from formation of different structure sizes in the active
layer, strong interactions between donor and acceptor molecules, and different arrangement
of polymer chains due to interaction with surrounding molecules in the thin film. In
contrast, in CB solution, polymer and acceptor molecules mainly interact with solvent
molecules. In Table 5.2, the (0-0) transitions as well as higher order transitions are shown
for the active materials in the wet film and the final dry film.

For the (0-0) IT-4F transition, a significant red-shift from (1.74 ±0.01) to (1.64 ±0.01) eV
occurs during drying, which has previously been reported for small molecule accep-
tors. [75, 245] The (0-1) IT-4F transition does not shift, whereas higher order transi-
tions are blue-shifted during solvent evaporation as the FWHM broadens. Similarly, for
PBDB-T-2Cl, the (0-0) transition does not change, whereas higher order transitions are
blue-shifted. The evolution of the (0-0) transition and the FWHM of the corresponding
set of Gaussian functions are given for IT-4F (Figure 5.11c,d) and PBDB-T-2Cl (Fig-
ure 5.11e,f) for active layers printed at 25 °C (Figure 5.11c,e) and 35 °C (Figure 5.11d,f).
In agreement with findings from the in situ X-ray scattering experiments, five regimes of
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Table 5.2.: Electronic Transitions of the Small Molecule Acceptor IT-4F and the Conjugated
Polymer PBDB-T-2Cl during Film Formation of Slot-Die Coated Thin Films.

material IT-4F IT-4F IT-4F IT-4F

order of transition 0-0 0-1 0-2 0-3
transition in wet film [eV] 1.74±0.01 1.83±0.01 1.92±0.01 2.01±0.01
transition in dry film [eV] 1.64±0.01 1.83±0.01 2.02±0.02 2.21±0.02

material PBDB-T-2Cl PBDB-T-2Cl PBDB-T-2Cl PBDB-T-2Cl

order of transition 0-0 0-1 0-2 0-3
transition in wet film [eV] 1.98±0.01 2.08±0.01 2.18±0.02 2.28±0.02
transition in dry film [eV] 1.98±0.01 2.14±0.01 2.30±0.01 2.46±0.02

film formation are distinguished. In the first phase, occuring within the first 180 or 85 s
at a printing temperature of 25 °C or 35 °C, respectively, no change of optical properties
occurs. In the initial phase, the (0-0) IT-4F transition occurs at (1.74 ± 0.01) eV and
the FWHM of the corresponding set of Gaussian functions is (0.185 ± 0.005) eV. The
(0-0) PBDB-T-2Cl transition occurs at (1.98 ±0.01) eV and does not shift significantly
during drying. In the wet film, the FWHM of the polymer is (0.205 ±0.005) eV. In the
second regime, occuring between 180 and 220 s at 25 °C or between 85 and 95 s at 35 °C,
parameters extracted from fitting with a set of Gaussian functions start to change slightly.
The (0-0) IT-4F transition shifts to (1.72 ±0.01) eV, whereas the FWHM broadens to
(0.20 ±0.01) eV. For the conjugated polymer, the FWHM broadens to (0.21 ±0.01) eV. In
the third phase, occuring until 280 or 125 s for the active layers slot-die coated at 25 °C and
35 °C, respectively, a rapid change of optical properties occurs. The (0-0) IT-4F transition
decreases to (1.65 ±0.01) eV. The FWHM broadens to (0.26 ±0.01) eV for IT-4F and
(0.25 ±0.01) eV for PBDB-T-2Cl. In the fourth regime, occuring until 390 s at 25 °C or
135 s at 35 °C, the film formation process is slowing but is still ongoing and all parameters
reach their final value at the end of this phase. In the fifth regime, the film is dry and
optical properties are stable. The (0-0) IT-4F transition occurs at (1.64 ±0.01) eV, and
the FWHM is (0.270 ±0.005) eV for the acceptor and (0.265 ±0.005) eV for the polymer.

In contrast to the five phases of film formation observed in this study, only three regimes
were distinguished for P3HT:PCBM during film formation. [62,63] Wang et al. observed a
significant red-shift of absorbance and an increased extinction coefficient in the second film
formation phase with in situ ellipsometry. [62] For slot-die coated PBDB-T-2Cl:IT-4F, a
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similar red-shift is observed, but this phase is further subclassified in our work, considering
that optical changes occur with different velocities. In a previous work performed with
PBDB-T-SF and IT-4F, we observed five regimes of film formation with in situ UV/vis
spectroscopy as well. [177] For PBDB-T-SF and PBDB-T-2Cl, the film formation process
occurs via the same mechanism if the polymer is mixed with IT-4F in a 1:1 ratio and
printed out of CB. This indicates that materials with similar chemical structure can have
a similar evolution of optical properties during film formation. Even though knowledge
gained for different materials cannot always simply be transferred to other systems, all
film formation processes share similarity, in particular concerning the significant red-shift
and broadening of absorbance spectrum, which is assumed to be favorable for application
in organic photovoltaics as the sun emission spectrum can be exploited with higher
efficiency. [266,267]

5.2.4. Discussion

The film formation processes of thin films based on PBDB-T-2Cl:IT-4F printed at 25 °C
and 35 °C occur via the same mechanism, whereas five phases are tracked with in situ
GISAXS, GIWAXS, and UV/vis spectroscopy (Figure 5.12).

Figure 5.12: Schematic showing temporal
evolution of IT-4F and PBDB-T-2Cl do-
mains during film formation. (I) Initially, an
excess of solvent (golden spheres) is present
and the acceptor (red cuboids) is completely
dissolved. Polymer chains (blue chains) and
some agglomerates (blue cylinders) can al-
ready be observed. (II) Polymer domain
growth occurs by attachment of chains. (III)
Rapid growth of amorphous structures and
solvent evaporation is observed. (IV) Resid-
ual solvent evaporates and average distances
between polymer domains are reduced. Si-
multaneously, first IT-4F crystals are ob-
served, which grow fast, whereas the back-
bone spacing is reduced. (V) The solvent is
completely evaporated in the final dry film.
Reproduced with permission from ACS pub-
lishing.
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In the initial wet film, some agglomerates of PBDB-T-2Cl can already be probed with
GISAXS, but most polymer chains are well dissolved in CB solution (Figure 5.12I). With
GIWAXS, a strong scattering contribution from the solvent occurs, but no crystals are
observed as IT-4F molecules are completely dissolved. We assume this is due to the very
high solubility of the small molecule acceptor in CB, exceeding that of the conjugated
polymer.

In the initial phase, the thin film absorbance is narrow compared to the final state. In
the second regime, average polymer structures start to grow and the CB content in the
thin film decreases slowly (Figure 5.12II). In this phase, optical properties start to change.
The (0-0) IT-4F transition shifts towards lower energies, whereas the absorbance spectrum
broadens slightly. In the third regime, rapid solvent evaporation and growth of polymer
structures occur (Figure 5.12III). The (0-0) transition of the small molecule acceptor shifts
significantly towards lower energies and rapid broadening of the absorbance spectrum
occurs. In the fourth phase, the CB almost fully evaporated and the film formation process
slows down (Figure 5.12IV). In this regime, polymer structures continue to grow slightly
and interdomain distances decrease significantly. With GIWAXS, first IT-4F crystals are
observed whose number and size increase rapidly, whereas the lamellar spacing is reduced
simultaneously. We assume crystallization of the acceptor takes place at this late stage as
high solubility of IT-4F in CB allows the molecule to stay completely dissolved even if
only a small amount of solvent remains. Furthermore, a slight shift of the (0- 0) IT-4F
transition towards lower energies is observed, whereas the absorbance spectrum continues
to broaden slowly. In the fifth phase, the solvent is completely evaporated and the final
BHJ morphology is formed (Figure 5.12V).

However, at 35 °C, enhanced temperature provokes faster film formation and formation
of slightly different morphology in the final dry film. For the thin film slot-die coated at
room temperature, the active materials have more time to rearrange. Therefore, larger
amorphous PBDB-T-2Cl structures and higher crystallinity evolve and rotational disorder
of IT-4F increases. Average distances between polymer domains observed with GISAXS
and crystal size and lattice spacing of crystals observed with GIWAXS are very similar for
both printing conditions. In the UV/vis spectra, the electronic transitions occur at the
same energy and no bandgap shift is observed, but relative peak intensities differ for the
films printed at 25 °C and 35 °C.
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5.3. Conclusions

Slot-die coating of thin films based on PBDB-T-SF:IT-4F and PBDB-T-2Cl:IT-4F for
application as active layers in high-efficiency organic solar cells is studied in situ to follow the
evolution of morphology and optical properties from the initial wet film to the final dry film
state. Combining results from GISAXS and UV/vis spectroscopy, morphological evolution
of PBDB-T-SF:IT-4F is correlated to changing absorbance behavior. In addition, thin
films based on PBDB-T-2Cl:IT-4F are studied in situ for different processing conditions
with GISAXS, GIWAXS and UV/vis spectroscopy. For all systems investigated, we identify
five regimes of film formation, which share similarity with earlier studies on printed active
layers. However, details of the film formation are system-specific, in particular concerning
the temporal evolution of interdomain distances, and the final dry film morphology
depends on the printing conditions. For active layers printed at room temperature, higher
crystallinity is observed, but due to edge-on orientation of crystals, no positive effect on
device performance is expected. In comparison to PBDB-T-SF:IT- 4F based thin films,
smaller structure sizes are observed in active layers based on PBDB-T-2Cl:IT-4F for the
largest and medium substructure. The presence of smaller structures is favorable for
application in organic solar cells as the exciton splitting probability is enhanced due to
an increased interface-to-volume ratio. During film formation, edge-on oriented IT-4F
crystals are formed. In active layers based on PBDB-T-SF:IT-4F and PBDB-T-2Cl:IT-4F,
polymer domains with a size of some tens of nanometers are formed. As this structure
size fits typical exciton diffusion lengths, a favorable effect on the solar cell performance is
expected. Similar nanoscale structures were observed as well in the respective spin-coated
thin films, demonstrating that with slot-die coating well-suited BHJ structures can be
prepared as well after optimization of the printing parameters. Red-shift of the optical
bandgap and overall broadening of absorbance spectra are observed during drying of
slot-die coated active layers, which allows exploiting the sun emission spectrum more
efficiently. The in situ experiments performed in this work provide insights into the
evolution of the active layer morphology and optical properties, which have a high impact
on the device performance, and are an important step towards further optimization and
up-scaling of the organic solar cell production.





6 Effect of Solvent Additives

The following chapter is based on the published article: ”Effect of Solvent Additives on
the Morphology and Device Performance of Printed Nonfullerene Acceptor Based Organic
Solar Cells” [192] (Kerstin S. Wienhold et al., ACS Appl. Mater. Interfaces, vol. 11,
no. 45, pp. 42313-42321, 2019, DOI: 10.1021/acsami.9b16784). Content and images are
reproduced with permission from American Chemical Society, Copyright 2019.

The use of solvent additives is a common approach to control the active layer morphology
and improve the performance of organic solar cells. Printing of active layers of high-
efficiency organic solar cells and morphology control by processing with varying solvent
additive concentrations are important to realize real-world use of bulk-heterojunction
(BHJ) photovoltaics as it enables both up-scaling and optimization of device perfor-
mance. In this chapter, active layers of the conjugated polymer PBDB-T-SF and the
nonfullerene small molecule acceptor IT-4F are printed using meniscus guided slot-die
coating. 1,8-Diiodooctane (DIO) is added to optimize the power conversion efficiency
(PCE). The effect on the inner nanostructure and surface morphology of the material is
studied for different solvent additive concentrations with grazing incidence small-angle
X-ray scattering (GISAXS), grazing incidence wide-angle X-ray scattering (GIWAXS),
scanning electron microscopy (SEM) and atomic force microscopy (AFM). Optical proper-
ties are studied with photoluminescence (PL), ultraviolet/visible light (UV/vis) absorption

95



96 Chapter 6. Effect of Solvent Additives

spectroscopy and external quantum efficiency (EQE) measurements and correlated to the
corresponding PCEs. Addition of 0.25 vol % DIO enhances the average PCE from 3.5 to
7.9%, whereas at higher concentrations the positive effect is less pronounced. A solar cell
performance of 8.95% is obtained for the best printed device processed with an optimum
solvent additive concentration. Thus, with the large-scale preparation method printing,
similarly well working solar cells can be realized as with the spin-coating method.

6.1. Inner Structure and Surface Morphology

The donor polymer PBDB-T-SF is mixed with the small molecule acceptor IT-4F in a
1:1 ratio and printed out of chlorobenzene (CB) with different concentrations of DIO
using a meniscus guided slot-die coater. The dry thin films have a thickness of around
100 nm, which is ideal for organic solar cells. [35] GISAXS and GIWAXS measurements
are performed to analyze the inner nanostructure of the BHJ organic solar cells. [148] An
incidence angle of 0.35° is chosen, which is above the critical angle of the polymer and the
acceptor molecule. This allows probing the full film thickness and gaining insights into the
inner structure. The application of grazing incidence geometry enables to measure thin
films (e.g. 100 nm thickness) and to probe a larger sample area, thereby achieving a high
statistical significance and quality. [155] In order to analyze 2D GISAXS data, horizontal
line cuts (Figure 6.1a) are performed at the critical angle (Yoneda region) of PBDB-T-SF.

Average domain sizes and distances in the BHJ structure are obtained by modeling GISAXS
data with a model based on the EIA of the DWBA (Subsection 2.3.2). [151,254] According
to the LMA, the overall scattering intensity can be described by incoherent superposition
of scattering intensities of individual domains in the thin film. GISAXS data of printed
active layers of PBDB-T-SF:IT-4F with different DIO concentrations are modeled with
three substructures of cylindrical shape, which is a well-established approach to describe
the polymer thin film morphology over a large range of length scales. [30, 70] Structure
sizes (Figure 6.1b) and distances between domains (Figure 6.1c) in the BHJ structure are
obtained by modeling the scattering data. [268] Results show decreasing average structure
sizes and growing average distances with increasing DIO concentration. Active layers
printed without solvent additive yield average structure sizes of (103 ±1) nm, (39 ±1) nm
and (11 ± 1) nm, whereas the addition of only 0.25 vol % DIO decreases the average
structure sizes to (83 ±1) nm, (29 ±1) nm and (10 ±1) nm. This effect is favorable for the
solar cell performance as charge transfer from the polymer to the small acceptor molecule
is facilitated by gaining interface area. [93] At higher solvent additive concentrations,
the morphology is further altered. Average domain sizes are reduced to (79 ± 1) nm,
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Figure 6.1.: (a) Horizontal line cuts of 2D GISAXS data (black dots) and modeling results (red
lines) obtained for printed active layers with different DIO concentrations in CB solutions (0.00,
0.25, 0.5 and 1.0 vol % DIO from bottom to top); (b) average domain sizes for different DIO
concentrations obtained by modeling; (c) average distances in the BHJ structure for different
DIO concentrations. Splines (b and c) are guides to the eye. Reproduced with permission from
ACS publishing.

(21 ±1) nm and (9 ±1) nm for 0.50 vol % and (67 ±1) nm, (19 ±1) nm and (8 ±1) nm
for 1.0 vol % DIO. This reduction of average domain sizes can cause a decrease in the
PCE due to a charge trapping assisted recombination mechanism. [113] Average distances
between domains grow from (200 ±10) nm, (90 ±10) nm and (52 ±8) nm in the case of
solvent additive free active layers to (215 ±10) nm, (130 ±10) nm and (53 ±8) nm for thin
films processed with 0.25 vol % DIO. Enlargement of distances between donor and acceptor
domains can provoke charge stabilization and lower the probability of recombination by
reduction of Coulomb forces. [114,238,269] Higher DIO concentrations of 0.50 vol % and
1.0 vol % result in formation of average distances of (290 ±10) nm, (138 ±10) nm and
(54 ± 10) nm and respectively (300 ± 10) nm, (140 ± 10) nm and (55 ± 8) nm. The
significant increase in average domain distances with rising solvent additive concentrations
obtained from the scattering experiment is supported by SEM and AFM.
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Figure 6.2.: SEM (a–d) and AFM (e–h) images show the surface morphology of active layers
printed with different DIO concentrations in CB solutions: (a,e) 0.00 vol %, (b,f) 0.25 vol %,
(c,g) 0.50 vol % and (d,h) 1.0 vol % DIO. Reproduced with permission from ACS publishing.

SEM and AFM measurements of printed thin films of PBDB-T-SF:IT-4F are performed
to image the structure at the sample surface for different DIO concentrations (Figure 6.2).
All active layers show a homogeneous film formation over the probed sample area. Active
layers printed without solvent additive show a network of cylindrical structures, which
are closely packed and even overlap (Figure 6.2a,e). The formation of large domains
downsizes the interface area between donor and acceptor phase, which is unfavorable
for organic solar cells due to reduced charge transfer. For samples printed with DIO,
smaller average structure sizes are formed, which tend to form larger agglomerates, and
domains occur less densely packed. In the AFM images, an increase in surface roughness
is observed (Figure 6.2f–h). At a DIO concentration of 0.25 vol %, an interpenetrated
network is formed, facilitating charge transfer from the electron donor polymer to the
nonfullerene small molecule acceptor (Figure 6.2b,f). Slightly enhanced distances can
provoke charge stabilization and minimize the undesirable effect of charge recombination
at the interface. [114,238] In active layers printed with DIO concentrations of 0.50 vol %
(Figure 6.2c,g) or 1.0 vol % (Figure 6.2d,h), small structures are formed, which agglomerate
strongly and provoke an increase in distances between domains. This morphology can
elevate the risk of charge trapping in islands, hindering charge transport to the elec-
trodes. [113] GIWAXS measurements are performed to analyze the crystalline part of the
thin films as a function of DIO concentration. 2D GIWAXS data of printed thin film
based on PBDB-T-SF:IT-4F (Figure 6.3) show an increase in intensity with rising DIO
concentration for the (010) and (100) PBDB-T-SF Bragg peak signals and for the (100)
IT-4F Bragg peak signal. [263] In addition, higher order Bragg peaks become visible in
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the 2D GIWAXS data, indicating an overall increase in crystallinity with increasing DIO
concentration. The increase in crystallinity originates from reduced intermolecular interac-
tions, allowing the molecules to move freely, rearrange and form more crystalline structures.

Figure 6.3.: 2D GIWAXS data of printed PBDB-T-SF:IT-4F films with different DIO concentra-
tions: (a) 0.00 vol %, (b) 0.25 vol %, (c) 0.50 vol % and (d) 1.0 vol % DIO. Reproduced with
permission from ACS publishing.

For a thin film printed with a 1:1 weight ratio of PBDB-T-SF and IT-4F with different
DIO concentrations, the azimuthal q integral and tube cuts of the strongest (100) Bragg
peaks from the 2D GIWAXS data are shown in Figure 6.4. The (100) PBDB-T-SF
(2.2 < q < 2.6 nm−1) and the (100) IT-4F (2.65 < q < 2.9 nm−1) peak orientation
distributions are analyzed by fitting of Gaussian functions (Figure 6.4b,c). For both the
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Figure 6.4.: GIWAXS data (dots) and modeling with Gaussian functions show an increase in
crystallinity due to addition of DIO: (a) azimuthal q integral with marked (100) PBDB-T-SF
and IT-4F, (010) PBDB-T-SF Bragg peaks and higher order Bragg peaks. The solid line is a
guide to the eye. Tube cuts (dots) of the (b) (100) PBDB-T-SF Bragg peak and the (c) (100)
IT-4F Bragg peak analyzed by fitting of Gaussian functions (solid lines). The gray bar masks the
inaccessible q range. Reproduced with permission from ACS publishing.

polymer and the small molecule acceptor, the (100) signal can be assigned to edge-on
orientation of crystallites. The FWHM of the Gaussian fits to the (100) PBDB-T-SF peak
orientation distribution broadens from (4.7 ±0.2)° for 0.00 vol % DIO to (27.2 ±0.6)°
for 0.25 vol %, (33.7 ±2.5)° for 0.50 vol % and (38.1 ±2.5)° for 1.0 vol % DIO. For the
(100) IT-4F peak, the FWHM increases from (12.8 ±0.9)° to (16.4 ±2.2)° for 0.25 vol %,
(17.3 ±0.6)° for 0.5 vol % and (18.6 ±1.3)° for 1.0 vol % DIO. Such broadening in the
orientation distribution indicates enhanced rotational disorder of crystallites in the thin
film with rising DIO concentration. As edge-on orientation facilitates the charge transport
parallel to the substrate and respectively parallel to the electrodes, the present orientation
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has an unfavorable effect on the solar cell performance. [148, 264,265,270] For comparison,
2D GIWAXS data (Figure 6.5) of printed pure IT-4F and pure PBDB-T-SF films with
0.25 vol % DIO are shown.

Figure 6.5.: 2D GIWAXS data of pure (a) IT-4F and (b) PBDB-T-SF printed out of CB with
0.25 vol % DIO. Reproduced with permission from ACS publishing.

We observe a similar crystallization behavior for the pure polymer in absence of an
acceptor, whereas pure IT-4F film shows lower crystallinity but more ordered structures.
Polymer-acceptor interactions seem to have a positive effect on the crystallization of
IT-4F but enhance the rotational disorder of crystallites. Thus, the results from X-ray
scattering experiments and SEM show the significant impact of DIO concentration on
morphology and expected solar cell performance of printed active layers based on a 1:1
blend of PBDB-T-SF:IT-4F.

6.2. Optical Properties

PL is measured for thin films of pure electron polymer PBDB-T-SF, pure acceptor
IT-4F, and a blend of 1:1 of donor and acceptor after excitation with a wavelength of
570 nm (Figure 6.6a). The pure materials show high PL intensity, whereas in a blend of
PBDB-T-SF:IT-4F, the electron transfer from donor to acceptor provokes a significant
reduction in intensity. As the low-bandgap polymer PBDB-T-SF shows absorbance in
a broad wavelength range in the region of visible light (Figure 6.7), it can be efficiently
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Figure 6.6.: (a) PL of pure donor polymer PBDB-T-SF, pure nonfullerene acceptor IT-4F and
an active layer printed with a 1:1 ratio of donor and acceptor out of CB; (b) PL of active layers
printed with varying DIO concentrations. Reproduced with permission from ACS publishing.

excited with the chosen wavelength. In a BHJ organic solar cell, the mechanism of energy
conversion (Subsection 2.1.2) starts with excitation of the polymer by absorption of a
photon and generation of an exciton. [108,112] During the exciton lifetime, electron and
hole, being attracted to each other by Coulomb forces, move towards the interface, where
exciton splitting in a positive and a negative charge occurs. The electron is transferred
to the electron acceptor (IT-4F), whereas the hole remains at the conjugated polymer
(PBDB-T-SF). In a last step, electron and hole are transported towards the respective
electrodes, where the current can be extracted. In absence of an acceptor, the polymer
undergoes a transition back to the electronic ground state after the excited state lifetime
under emission of a photon (PL). [271] Electron transfer from donor to acceptor provokes
a reduction in PL intensity and allows us to draw conclusions about the efficiency of the
charge transfer in an organic solar cell. [269, 272, 273] PL of printed active layers with
different DIO concentrations is measured after excitation with a wavelength of 570 nm
(Figure 6.6b). Increasing the DIO concentration causes a decrease in luminescence intensity.
Due to decreasing domain sizes with increasing DIO concentration (Figure 6.1b), the
interface area grows and charge transfer from the donor polymer to the acceptor molecule
is facilitated. In addition, the exciton is generated closer to the interface and the distance,
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Figure 6.7: UV/vis absorbance spec-
tra of active layers based on PBDB-
T-SF:IT-4F printed out of CB with
different DIO concentrations. All ab-
sorbance spectra were normalized on
the dry film thickness. Reproduced
with permission from ACS publishing.

which needs to be overcome by exciton diffusion, is reduced. This has a significant impact
on the performance of BHJ organic solar cells as typical exciton diffusion lengths are about
some tens of nanometers. [108,109] The loss mechanism of charge recombination before
reaching the interface becomes less probable. A moderate increase in distance between
donor and acceptor can improve the solar cell performance by reduction of Coulomb
forces and charge stabilization. [114,238] In this case, exciton splitting is facilitated and
the probability of charge recombination at the interface is reduced. These effects cause
a decrease in PL intensity with rising DIO concentrations (Figure 6.6b). To conclude,
addition of higher solvent additive concentrations and resulting small average domain
sizes facilitate charge transfer from donor to acceptor by an enlargement of interface area
but can provoke a decline in PCE by charge trapping. [113] To study the influence of
DIO on absorption properties of printed BHJ organic solar cells, UV/vis spectroscopy
is performed (Figure 6.7). The resulting absorbance spectra are normalized on the film
thickness. The active layer based on a 1:1 blend of PBDB-T-SF:IT-4F shows absorbance
in a broad wavelength range of visible light. The optical bandgap of the active material is
determined with the Tauc plot method (Section 3.1) to be (1.55 ±0.04) eV. Addition of
DIO does not shift the bandgap itself but significantly influences the absorbance of photons
with energies slightly above it due to increased crystallinity in the active layer. [274] An
optimum DIO concentration of 0.25 vol % improves the absorbance in the wavelength
range from 700 to 800 nm as compared to solvent additive free thin films. Active layers
processed with higher concentrations of DIO (0.50 vol % and 1.0 vol %) show a distinct
reduction of absorbance in this wavelength range with rising amounts of solvent additive
due to an increased rotational disorder in the thin films. [275] By addition of low DIO
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concentrations (0.25 and 0.50 vol %), active layers of PBDB-T-SF:IT-4F show an enhanced
absorbance in the wavelength range from 570 to 700 nm. The best result is obtained
for a DIO concentration of 0.25 vol % as the absorbance is significantly increased over a
broad wavelength range (570–800 nm), which enables us to exploit the sun spectrum more
efficiently.

The probability for generating photocurrent after absorption of a photon with a certain
wavelength is studied with EQE. EQE spectra and integrated current density of printed
organic solar cells with different DIO concentrations are shown in Figure 6.8.

Figure 6.8.: (a) EQE spectra and (b) integrated photocurrent density of printed organic solar
cells based on PBDB-T-SF:IT-4F with different DIO concentrations. Reproduced with permission
from ACS publishing.

In the wavelength range from 300 to 520 nm, the device printed with a DIO concentration
of 0.25 vol % shows a considerably lower EQE (Figure 6.8a) and absorbance (Figure 6.7)
compared to devices with 0.00, 0.50 and 1.0 vol % DIO and a lower integrated current
density can be observed between 300 and 610 nm (Figure 6.8b). Between 300 and 520 nm,
addition of DIO seems to have a negative effect on the device performance as the solar cell
printed without solvent additive shows a significantly higher EQE compared to devices
with DIO (Figure 6.8a). However, in the wavelength range between 570 and 780 nm,
a significantly enhanced EQE can be observed for a DIO concentration of 0.25 vol %
(Figure 6.8a). This is in accordance with the distinct increase in absorbance in this
wavelength range (Figure 6.7). In the wavelength range above 610 nm, the integrated
photocurrent of the solar cell printed with a DIO concentration of 0.25 vol % clearly
exceeds that of solar cells with other DIO concentrations. Addition of an optimum solvent
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additive concentration of 0.25 vol % seems to provoke formation of a morphology favorable
for absorption of low energy photons and subsequent photocurrent generation.

6.3. Organic Solar Cell Performance

Printed organic solar cells based on PBDB-T-SF:IT-4F are fabricated with different con-
centrations of DIO with a solar cell area about 6.25 cm2 and a pixel size of 0.12 cm2. For
each DIO concentration, three times eight solar cells are tested. Resulting PCE values
(colored dots) are shown in Figure 6.9. The red square gives the average PCE, whereas
the error bar gives the standard deviation.

Figure 6.9: PCE of organic solar
cells printed with different DIO con-
centrations. Efficiencies of measured
pixels (small colored dots), average
device performance (red square) and
standard deviation (gray error bar)
are given for different solvent addi-
tive concentrations. Reproduced with
permission from ACS publishing.

Slot-die coated organic solar cells without DIO reach an average PCE of (3.5 ±0.8)%. Addi-
tion of 0.25 vol % DIO to the precursor solution improved the average PCE to (7.9 ±0.7)%
with a top device performance of 8.95%. The corresponding short-circuit density (JSC)
of 19.46 mA/cm2 and the open-circuit voltage (VOC) of 0.87 V are close to literature
values for spin-coated small area devices with 0.5 vol % DIO (JSC = 20.88 mA/cm2 and
VOC = 0.88 V for an aperture area of 0.037 cm2 or JSC = 18.93 mA/cm2 and VOC = 0.86 V
for an aperture area of 1.00 cm2) [35]. The deviation in optimum DIO concentration
in printed devices compared to spin-coated devices originates from different polymer
and acceptor concentrations used for printing (7 mg/mL for printing vs. 20 mg/mL for
spin-coating) giving a different DIO to active material ratio. By further increasing the
DIO concentration, average PCE values of (4.6 ±0.3)% for 0.50 vol % and (4.6 ±0.9)%
for 1.0 vol % of DIO are obtained.
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In Table 6.1 the best PCE achieved for different DIO concentrations, the corresponding
JSC, VOC and FF as well as the average PCE are given.

Table 6.1.: Best PCE Values for Slot-Die Coated Organic Solar Cells with Different DIO
Concentrations and the Responsive Short-Circuit Current Density, Open-Circuit Voltage and Fill
Factor (FF)1

DIO conc. [vol %] best PCE [%] JSC [mA/cm2] VOC [V] FF [-] avg. PCE [%]

0.00 4.80 14.18 0.86 0.39 3.5±0.8
0.25 8.95 19.46 0.87 0.52 7.9±0.7
0.50 5.17 14.19 0.82 0.44 4.6±0.3
1.00 4.98 13.32 0.85 0.44 4.6±0.9

1 For all solvent additive concentrations, average PCE values are given.

At an optimum DIO concentration of 0.25 vol %, the JSC of the slot-die coated organic solar
cells is significantly enhanced as smaller structures are formed. The interface area between
donor and acceptor increases and exciton splitting is facilitated. At higher DIO concentra-
tions, a smaller JSC is observed due to charge trapping provoked by very small structures
in combination with large distances. In addition, DIO enhances the crystallinity of IT-4F
and PBDB-T-SF and influences the VOC. At an optimum solvent additive concentration
of 0.25 vol %, the VOC is slightly enhanced due to higher crystallinity. Due to edge-on
orientation of crystallites, charge transport occurs parallel to the electrodes, which is not
favorable for the device performance. For a DIO concentration of 0.50 and 1.0 vol %, this
effect is further enhanced and a lower VOC is observed. Current-voltage (JV ) curves for best
photovoltaic devices processed with varying DIO concentrations are shown in (Figure 6.10).

Organic solar cells processed with 0.25 vol % DIO exhibit the best performance as the
solvent additive simultaneously has positive and negative effects on the morphology and
optical properties. For a small DIO concentration of 0.25 vol %, positive effects, such as
an increased crystallinity and gain of interface area by decreasing average structure sizes,
dominate, whereas at higher DIO concentrations, negative effects, such as an increased
rotational disorder of crystallites and loss mechanisms due to large distances between
domains, dominate. The average PCE improved significantly by addition of an optimum
DIO concentration of 0.25 vol % compared to solvent additive free devices, whereas at
higher concentrations the positive effect on the solar cell performance is less pronounced.
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Figure 6.10: Current-voltage curves
for the best photovoltaic devices
printed out of CB with different DIO
concentrations. Reproduced with per-
mission from ACS publishing.

These findings are fully consistent with the morphology and optical properties obtained
from GISAXS, GIWAXS, SEM, AFM, PL, UV/vis spectroscopy and EQE and demonstrate
the significant influence of DIO concentration on the structure and performance of printed
high-efficiency organic solar cells.

6.4. Conclusions

We have investigated the effect of DIO on the morphology, optical properties and PCE of
printed BHJ organic solar cells based on the conjugated polymer PBDB-T-SF and the
small molecule acceptor IT-4F. A meniscus guided slot-die coater has been used for the
thin film deposition of the active material. Scattering experiments in grazing incidence
geometry as well as SEM and AFM reveal shrinking average structure sizes and growing
distances between domains with rising DIO concentration. Moreover, crystallinity is
enhanced by addition of DIO, which appears beneficial as higher crystallinity typically
causes better device performance. However, due to edge-on orientation of crystallites,
charge transport parallel to the electrodes is facilitated, which is less favorable for the
solar cell performance. A decrease in PL intensity with rising DIO concentration shows an
improved charge transfer from polymer donor to small molecule acceptor due to reduced
average domain sizes and an enlargement of interface area. UV/vis spectroscopy and
EQE show an improved absorbance and facilitated generation of photocurrent for a DIO
concentration of 0.25 vol % in a broad wavelength range. An optimum DIO concentration
of 0.25 vol % yields the best photovoltaic performance. Thus, a different amount of DIO
(0.25 vol %) is giving optimal devices as compared to spin-coating (0.50 vol %). The
average PCE of these printed devices improves from 3.5 to 7.9% compared to devices
processed without solvent additive and efficiencies up to 8.95% are obtained. At higher



108 Chapter 6. Effect of Solvent Additives

DIO concentrations, the PCE cannot be further improved due to formation of small average
structure sizes, provoking charge trapping. Thus, similarly as for spin-coated active layers,
also in case of printed active layers, the morphology optimization is important for achieving
best performing solar cells and parameters optimized for spin-coating cannot be simply
transferred to printing. The results obtained in the context of this work are an important
step towards further up-scaling of high-efficiency organic solar cells.



7 In Operando Degradation

The following chapter is based on the published article: ”Following In Operando the
Structure Evolution-Induced Degradation in Printed Organic Solar Cells with Nonfullerene
Small Molecule Acceptor” [262] (Kerstin S. Wienhold et al., Sol. RRL, vol. 4, no. 9,
p. 2000251, 2020, DOI: 10.1002/solr.202000251). Content and images are reproduced
with permission from Wiley, Copyright 2020.

Understanding the degradation mechanisms of printed bulk-heterojunction (BHJ) organic
solar cells during operation is essential to achieve long-term stability and realize real-world
applications of organic photovoltaics. Herein, degradation of printed organic solar cells
based on the conjugated polymer PBDB-T-SF and the nonfullerene small molecule acceptor
IT-4F with 0.25 vol % 1,8-diiodooctane (DIO) solvent additive is studied in operando for
two different donor:acceptor ratios. The inner nanostructure is analyzed with grazing
incidence small-angle X-ray scattering (GISAXS) and current-voltage (JV ) characteristics
are probed simultaneously. Irrespective of the mixing ratio, degradation occurs by the same
degradation mechanism. A decrease in short-circuit current density (JSC) is identified to be
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the determining factor for the decline in power conversion efficiency (PCE). The decrease
in JSC is induced by a reduction of relative interface area between the conjugated polymer
and the small molecule acceptor in the BHJ structure, resembling the morphological
degradation of the active layer.

7.1. Physical Degradation of Organic Solar Cells

Morphology degradation of PBDB-T-SF:IT-4F based organic solar cells printed with
two different donor:acceptor ratios is studied in operando under illumination by a solar
simulator. To exclude chemical degradation pathways within this study, experiments
are performed under moderate vacuum conditions (10−2 mbar). Therefore, we avoid
possible reactions between the active layer materials and oxygen, such as irreversible
photochemical formation of carbonyl and carboxylic groups, acting as electron traps, or
reversible p-doping of the active layer with oxygen, provoking the formation of immobilized
superoxide anions. [126] In addition, possible degradation of the aluminum electrodes or
the active layer by air humidity [122, 123, 130, 276] is ruled out under these conditions.
Potential decomposition of the nonfullerene small molecule acceptor by photocatalytic
activity of ZnO under illumination with UV light [125] is ruled out, as the light of the solar
simulator passes through a glass substrate, which is not transparent to this wavelength
range. As JV characteristics depend on the light intensity [198, 277], this parameter is
kept stable during the measurement (AM 1.5 illumination, 100 mW/cm2). Moreover,
the chamber is cooled to 15 °C to avoid temperature-induced changes of morphology or
solar cell performance. [133,134,278] As proved in earlier studies, [31,70,74] morphology
degradation can be adequately studied in operando with a simultaneous measurement of
GISAXS and JV characteristics.

To obtain statistical information, four organic solar cells are connected in parallel to
measure average JV characteristics. In addition, in the GISAXS experiment the X-ray
beam is aligned to impinge onto the sample as a small line, providing morphological
information on the four organic solar cells simultaneously. For GISAXS we select an
incidence angle of 0.4° well above the critical angles of the involved materials, such as
PBDB-T-SF and IT-4F, to probe information from the full thickness and analyze the inner
nanostructure of the active layer. [148,155] Grazing incidence geometry allows analyzing a
larger sample area with high statistical significance and to measure thin films with a layer
thickness about 100 nm, which is assumed to be the ideal thickness regime for organic
solar cells. [35]
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Figure 7.1.: 2D GISAXS data of printed organic solar cells based on a (a) 1:1 and (b) 1:2
donor:acceptor ratio of PBDB-T-SF:IT-4F, measured during operation at dedicated time steps as
indicated in minutes (insets). Reproduced with permission from Wiley.

2D GISAXS data of printed organic solar cells with a 1:1 and 1:2 donor:acceptor ratio
show the significant change of morphology during operation (Figure 7.1). Within the first
30 minutes, a fast and distinct structure evolution is observed. At longer illumination
times, the change of morphology decelerates and almost stabilizes but does not fully stop
within the time span of the in operando experiment. For 2D GISAXS data analysis,
horizontal line cuts are performed at the strongest scattering contribution, the critical
angle (Yoneda region) of PBDB-T-SF, which is calculated to be 0.12° for the applied
X-ray energy of 11.65 keV. To obtain average polymer domain sizes in the active layer,
these horizontal line cuts are modeled. The used model is based on the EIA of the DWBA
(Subsection 2.3.2). [151, 254] To consider the LMA, the overall scattering intensity is
defined as an incoherent superposition of scattering intensities, originating from individual
polymer domains in the thin film. The GISAXS data are modeled with three cylindrical
substructures, which is a well-established approach to characterize the morphology of
thin polymer films. [29, 30,268] The respective cylinders are assumed to be pure polymer
domains. [70]

In Figure 7.2a,e, horizontal line cuts of 2D GISAXS data (black dots) for printed organic
solar cells based on a 1:1 and 1:2 donor:acceptor ratio and corresponding modeling
results (red lines) are shown for different operation times (from bottom to top). For
organic solar cells based on a 1:1 donor:acceptor ratio, average structure sizes of polymer
domains increase under operation (Figure 7.2b–d). The largest structure (Figure 7.2b)
grows from (80 ± 2) nm to (98 ± 2) nm, whereas the medium structure (Figure 7.2c)
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Figure 7.2.: Temporal evolution of the morphology of printed organic solar cells based on a
(a–d) 1:1 PBDB-T-SF:IT-4F ratio and (e–h) 1:2 ratio. (a,e) Horizontal line cuts of 2D GISAXS
data (black dots) and modeling results (red lines) by applying a model based on the DWBA
and the LMA are shown for different time steps of operation (0, 2, 5, 15, 30, 60, 90, 140, 190,
and 240 minutes, from bottom to top). Parameters determined from GISAXS modeling are the
average domain sizes of the (b,f) largest, (c,g) medium, and (d,h) smallest polymer domains.
Error bars give a range in which the fit still describes the scattering data. The solid black lines in
(b–d) and (f–h) are guides to the eye. Reproduced with permission from Wiley.

grows from (30 ±1) nm to (39 ±1) nm and the smallest structure (Figure 7.2d) from
(10 ± 0.5) nm to (17 ± 0.5) nm. The corresponding distances are (200 ± 10) nm,
(130 ±10) nm, and (50 ±5) nm and do not change significantly within the time span of
the experiment. For organic solar cells based on a 1:2 donor:acceptor ratio, the largest
domain structure (Figure 7.2f) grows from (90 ±2) nm to (117 ±2) nm. The medium
structure size (Figure 7.2g) is about (29 ± 1) nm at the start of operation and grows
to (36 ± 1) nm during operation, which is similar to findings obtained for the device
based on a 1:1 donor:acceptor ratio. In contrast, the size of the smallest polymer domains
(Figure 7.2h) is reduced from (12.5 ± 1.0) nm to (6.5 ± 1.0) nm, which is a trend
opposite to what is found in the 1:1 donor:acceptor ratio device. The corresponding
distances are (200 ±10) nm, (100 ±10) nm, and (40 ±5) nm and do not alter during
operation. The observed structural growth under operation of a printed organic solar cell
based on a 1:1 ratio of PBDB-T-SF:IT-4F shares a limited similarity to findings from
previous studies performed on spin-coated P3HT:PCBM devices with a 1:1 donor:acceptor
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ratio. [70] However, for such fullerene based organic solar cells, the domain sizes and
also the average distance between medium-sized domains increased significantly under
illumination. In active layers prepared with solvent additive, so far domain shrinkage was
reported as the morphology degradation mechanism instead of domain coarsening. [31]
Therefore, for the PBDB-T-SF:IT-4F solar cells of this study being manufactured with
0.25 vol % DIO as solvent additive [192], the observed domain coarsening is unexpected.
The observed morphological degradation in PBDB-T-SF:IT-4F solar cells based on a 1:2
ratio shares no similarity with previous studies performed on organic solar cells with
an excess of acceptor. Schaffer et al. observed a decrease in the medium and smallest
domain sizes under illumination of a spin-coated PCPDTBT:PCBM based organic solar
cell with a 1:2.7 donor:acceptor ratio prepared with solvent additive. [74] For a spin-coated
PTB7-Th:PCBM based device with a donor:acceptor ratio of 1:1.5, Yang et al. observed
decreasing average structure sizes for devices processed with solvent additive. [31] In both
systems, the FF and not the JSC were detrimental to device failure. The amount of
residual solvent additive was determined by the relative scattering intensity at the critical
angle of the respective compound. [31,74] Loss in solvent additive was found responsible
for domain shrinkage in previous works, which is not observed in this study (Figure 7.3).

Figure 7.3.: Temporal evolution of DIO content determined by the scattering intensity at the
critical angle of DIO normalized on the scattering intensity at the critical angle of the polymer to
rule out fluctuations of the X-ray beam. The IDIO/Ipolymer ratio for organic solar cells based
on a (a) 1:1 and (b) 1:2 donor:acceptor ratio is given for different time steps. The red line is a
guide to the eye. Reproduced with permission from Wiley.

This is favorable, as DIO was found to enhance the device performance of printed
PBDB-T-SF:IT-4F based organic solar cells by provoking the formation of small polymer
domains in the BHJ layer. [192] In contrast to previous studies, structure coarsening
without altering the average distances between polymer domains is found to be the crucial
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factor for device failure in our work. We assume this is due to different chemical structures
of the active materials, provoking different interactions of donor and acceptor molecules
with surrounding molecules. During device degradation, rearrangement of polymer can
occur, provoking microstructure evolution and charge trapping. However, aggregation of
nonfullerene small molecule acceptor is diffusion-limited and therefore, has a stabilizing
effect on the BHJ morphology. [279] In addition, the correlated roughness determined by
vertical line cuts of 2D GISAXS data is only poorly developed and changes only slightly
or even decreases under illumination (Figure 7.4) which differs from previous studies,
which observed a significant increase in correlated roughness for solar cells processed with
DIO. [31] Thus, the different degradation mechanism found for PBDB-T-SF:IT-4F solar
cells as compared to other systems is attributed to different mobility and interactions of
the involved donor and acceptor materials.

Figure 7.4.: Vertical line cuts of 2D GISAXS data for a (a) 1:1 and (b) 1:2 donor:acceptor ratio
are shown for different time steps of operation (0, 2, 5, 15, 30, 60, 90, 140, 190 and 240 minutes,
from bottom to top as indicated by the red arrow). The position of beamstop and detector gaps
are indicated by the gray area. Reproduced with permission from Wiley.

7.2. Modeling the Short-Circuit Current Density

From the three different characteristic structure sizes determined in the GISAXS data
analysis, the size of the medium substructure, which is about some tens of nanometers, is
expected to be the crucial factor, as it is close to the scale of typical exciton diffusion lengths
determined for several organic solar cell materials. [57,108–110,112] For slot-die coated
active layers based on PBDB-T-SF:IT-4F, the size of the medium substructure is about
30 nm. The morphology observed with atomic force microscopy (AFM) for spin-coated
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active layers is similar to the morphology observed for slot-die coated PBDB-T-SF:IT-4F
films, even though the largest structure was not reported in the previous study. [35] To
correlate morphological changes obtained from the scattering experiment with the solar cell
performance, JV -curves are measured simultaneously, and characteristic device parameters
are extracted. Figure 7.5a,c shows the temporal evolution of normalized device parameters,
namely PCE, JSC, VOC, and FF of printed organic solar cells based on a 1:1 and a 1:2
donor:acceptor ratio within the first 4 hours of illumination.

Figure 7.5.: Degradation of normalized device parameters during operation for a printed organic
solar cell based on a (a,b) 1:1 and (c,d) 1:2 donor:acceptor ratio of PBDB-T-SF:IT-4F in terms
of (a,c) PCE (green), JSC (blue), VOC (red), and FF (black). (b,d) Comparison of measured
(blue) and theoretically predicted JSC (black dots) using a model as explained in the text. Error
bars arise from the GISAXS modeling error. Reproduced with permission from Wiley.

The degradation of JSC is identified to be the determining factor for the decay of solar
cell performance, as the device parameters VOC and FF stabilize after 30 minutes and the
relative values do not drop below 0.91 for VOC and 0.86 for FF within the timescale of
the experiment. Figure 7.5b,d shows the evolution of normalized JSC extracted from the
JV -curves (blue) in comparison to the theoretically predicated value, applying the model
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from Equation 7.1 (black dots). Error bars are estimated by calculating the theoretically
predicted JSC (Equation 7.1) for the upper and lower domain size limit as determined in
the GISAXS data modeling (Figure 7.2c,g). Based on knowledge from earlier studies of
P3HT:PCBM solar cells, the significant reduction of normalized JSC to 0.76 for a 1:1 and
0.80 for a 1:2 donor:acceptor ratio is expected to result from structure coarsening and
related reduction of interface-to-volume ratio between donor and acceptor. As exciton
splitting takes place at the interface, the probability of exciton dissociation into free
charge carriers depends critically on the interface between donor and acceptor. [93,280]
Figure 7.6 shows the structure coarsening and reduction of interface-to-volume ratio in
the BHJ during operation. In our model approach, in agreement with the model described
by Schaffer et al. [70], it is assumed that only the medium-sized domains significantly
contribute to the solar cell performance, as typical exciton diffusion lengths are in a similar
range. In accordance with the model applied to describe the scattering data, polymer
domains are described as cylinders (Figure 7.6a,c).

In the model, a photon is absorbed by a polymer molecule within a cylindrically shaped
domain, and an exciton is generated, moving to the donor:acceptor interface, where disso-
ciation into free charge carriers occurs. [113,281] The probability for this process depends
on the relative interface area between polymer and acceptor, which is defined as the
interface-to-volume ratio of the polymer cylinder. Excitons, moving along the length of the
cylinder, will undergo recombination before reaching the interface and do not contribute
to the JSC. Therefore, the photocurrent is independent of the length of the cylinder,
and a consideration of the cylinder cross section is sufficient to explain the evolution
of relative JSC. The probability of exciton dissociation and generation of photocurrent
depends on the relative interface area and respectively on the circumference of the cylinder
(Figure 7.6b,d).

Equation 7.1 is based on a model developed by Schaffer et al. to predict the degradation of
normalized JSC in a P3HT:PCBM based spin-coated organic solar cell during operation. [70]
Schaffer et al. described the degradation of short-circuit current density in P3HT:PCBM
based photovoltaics to originate from a reduction of active area per unit cell area. Therefore,
the geometrical factor to describe the evolution of morphology is given by the cylinder size
and the average interdomain distances. The crucial factor for device failure of P3HT:PCBM
based solar cells was the significant increase in average domain distances, which provoked
an increase in the unit cell area, and therefore, reduced the ratio of active area per unit cell
area, even though the average polymer domain sizes increased moderately. However, for
PBDB-T-SF:IT-4F based organic solar cells, average distances and thus, the unit cell area
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Figure 7.6.: Schematic of the morphology evolution in the active layer during operation as
assumed in the model with only a small fraction of acceptor molecules shown for clarity of
presentation. (a) At the start of operation, a BHJ structure with small polymer domains (blue
cylinders) and small molecule acceptor domains (red cuboids) is observed. (b) A cross section of a
polymer cylinder with a small radius is shown. A high interface-to-volume ratio facilitates exciton
dissociation into free charge carriers at the donor-acceptor interface. Electron (orange) and hole
(green) move towards the electrodes and a high JSC is measured experimentally. The relative
interface area is given by the circumference (purple) of the cylinder per cross-sectional area.
(c) Under illumination, growth of polymer domains occurs. (d) In the cross section, a reduction
of relative interface (purple) between donor and acceptor is observed, provoking a reduction of
exciton dissociation probability. In a polymer cylinder with large radius, the interface-to-volume
ratio is reduced, provoking a reduction of exciton dissociation probability and JSC. Reproduced
with permission from Wiley.

are stable during the experiment. As a consequence, we develop a new model to describe
the degradation of PBDB-T-SF:IT-4F based solar cells, which describes the relationship
between normalized JSC and relative circumference C (defined as the circumference of the
cylinder normalized on the cross-sectional area). I refers to the light intensity, e is the
elementary charge, and p is the probability that a photon absorbed in the polymer domain
contributes to the photocurrent. The light intensity I is stable during the in operando
measurement. As chemical degradation pathways are ruled out by the measurement
conditions, chemical properties of the active layer do not alter during the experiment for
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which reason p is assumed to be constant. In this model approach, structure parameters R
(medium cylinder radii) are extracted from GISAXS data modeling (Figure 7.2c,g). Thus,
the evolution of the JSC under illumination can be described by

Jnorm
SC (t) = JSC(t)

JSC(0) = peIC(t)
peIC(0) =

2πR(t)
R(t)2π
2πR(0)
R(0)2π

= R(0)
R(t) . (7.1)

In this work, model and experiment are shown to be in excellent agreement. Therefore,
the decrease in interface-to-volume ratio is identified to be the determining factor for the
significant degradation of JSC during operation. The reduction of relative JSC to 0.76 for
a 1:1 or 0.80 for a 1:2 donor:acceptor ratio provokes a decline in normalized PCE to 0.63.

7.3. Conclusions

In the in operando study, we compare printed organic solar cells based on donor:acceptor
ratios of 1:1 and 1:2. Irrespective of the mixing ratio, degradation occurs by the same
degradation mechanism, and a decrease in JSC is identified to be the determining factor
for the decline in PCE. With GISAXS, a growth of polymer domains is observed, whereas
domain distances remain unchanged, causing a reduction of interface-to-volume ratio in the
BHJ. Thereby the probability of exciton dissociation is lowered. The observed decline in
JSC correlates very well with the calculated current based on the changed nanoscale BHJ
structure. Thus, morphology degradation is leading to device failure. The degradation
mechanism observed for printed PBDB-T-SF:IT-4F based devices differs from previous
studies on spin-coated fullerene based organic solar cells. Therefore, new materials should
be studied in operando, as knowledge gained from one material system might not simply
be transferred to other materials or processing conditions. This work gives insights into
the degradation of meniscus guided slot-die coated organic solar cells and is a first step
towards development of long-term stable organic photovoltaics.



8 Conclusion & Outlook

Towards marketability of organic solar cells, optimization of the factors given in the
triangle of marketability, namely efficiency, long-term stability as well as scale-up of the
thin film deposition, is necessary. In this thesis, focus is put on studying and optimizing
the process of meniscus guided slot-die coating, a printing technique, which is compatible
to roll-to-roll production. The evolution of inner morphology and optical properties of
printed thin films was studied in situ to gain insights into the film formation and to enable
optimization and up-scaling of the thin film deposition. In order to improve the PCE of
printed photovoltaics, the effect of solvent additives on morphology, optical properties
and device performance was investigated, as knowledge gained from spin-coating cannot
simply be transferred to printing. To gain insights into the physical degradation of slot-die
coated organic photovoltaics under illumination, morphological changes, occuring in the
active layer, were studied in operando and correlated to a theoretical model, which can
predict the evolution of JSC.

The first result chapter (Chapter 5) aims on understanding the process of meniscus guided
slot-die coating, an up-scalable printing technique. Therefore, the film formation of printed
active layers was probed in situ to follow the evolution of inner morphology and to correlate
these findings to changing optical properties. As a model system, the conjugated polymers
PBDB-T-SF or PBDB-T-2Cl and the small molecule acceptor IT-4F were printed out of
CB at ambient conditions. Five stages of film formation were identified. In the first phase,
the film was completely wet and no morphological or optical changes were observed. In
the second phase, polymer domains started to grow slowly, whereas absorbance of the
thin film changed simultaneously. In the third phase, fast growth of inner nanostructures
occurred, provoking a very pronounced change of optical properties in the thin film. Data
modeling with Gaussian functions showed a shift of energy levels as well as a broadening
of the FWHM for the polymer and the acceptor, indicating an increase in disorder in the
active layer. The optical bandgap red-shifted significantly. In the fourth phase, reduction
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of average distances between polymer domains and a slight change of absorbance were
observed. In addition, fast crystallization of IT-4F was observed in this phase. In the
fifth phase, the printed active layer was completely dry and no further changes occurred.
Understanding the structure evolution during slot-die coating is prerequisite to further
optimize the printing process, enable large-scale deposition and to improve the device
performance of organic solar cells.

Beyond optimization of the thin film deposition technique, solvent additives are a common
approach to improve the BHJ and solar cell performance. In the second result chapter
(Chapter 6), the effect of DIO on the nanostructure, optical properties and device per-
formance of slot-die coated active layers is discussed. The best photovoltaic performance
was achieved for an optimum DIO concentration of 0.25 vol % DIO. GISAXS, AFM
and SEM revealed the formation of smaller domains and larger distances with rising
solvent additive concentrations. Thus, the interface area increased and exciton spliting
was facilitated. However, the risk of charge trapping increased as well. For rising solvent
additive concentrations, increased crystallinity of polymer and acceptor domains was ob-
served with GIWAXS. The crystallites were found to be oriented edge-on, which facilitated
the charge transport parallel to the electrodes, and did not have a favorable effect on
the device performance. For rising DIO concentrations, a decrease in PL was observed,
indicating improved charge transfer from polymer donor to small molecule acceptor due to
reduced average domain sizes and enlargement of interface area. For a DIO concentration
of 0.25 vol %, an improved absorbance and facilitated generation of photocurrent were
observed with UV/vis spectroscopy and EQE. For an optimum DIO concentration of
0.25 vol %, the average PCE improved from 3.5 to 7.9% and efficiencies up to 8.95%
were obtained. Understanding the effect of solvent additives on the device performance of
slot-die coated organic solar cells is an important step towards optimization and up-scaling
of printed photovoltaics.

However, towards real-world use, the poor long-term stability of organic solar cells has to
be improved. Therefore, the mechanism of device degradation under illumination has to be
understood. In the last result chapter (Chapter 7), morphological changes, occuring in the
BHJ layer, were followed in operando with GISAXS and correlated to the degradation of
device parameters. A model was introduced to predict the decline of JSC under illumina-
tion. Organic solar cells with a donor:acceptor ratio of 1:1 and 1:2 were studied. For both
systems, degradation of solar cell performance occurred due to coarsening of structures,
provoking a decrease in interface area and decline of exciton splitting probability. These
findings show the significant impact of active layer morphology on device parameters and
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give insights into the degradation of printed organic solar cells, which is prerequisite for the
development of printed organic photovoltaics with high efficiency and long-term stability.

This work addresses the factors efficiency, stability and up-scaling of the thin film deposi-
tion, stated in the triangle of marketabilty of organic solar cells. Furthermore, it shall give
guidance for further investigations, which are necessary to enable real-world use of organic
photovoltaics. Towards marketability, the high efficiencies, which could be achieved for
printed organic solar cells, are assumed to be sufficient for most applications, but the
development of a continuous thin film deposition process as well as further optimization
of device stability are indispensable. Therefore, roll-to-roll production has to be realized
to enable cost-effective, large-scale production of organic photovoltaics. Encapsulation
of solar cells will be necessary to avoid chemical degradation by water and oxygen but
cannot prevent physical degradation by morphological changes in the BHJ layer. Therefore,
further studies have to be performed to overcome this drawback. Possible ways to stabilize
the BHJ morphology might be the synthesis of new materials with well-defined morphology
such as block-copolymers, cross-linking of the polymer donor or the use of new additives,
which enhance the long-term stability. Furthermore, post-treatment of freshly processed
active layers with alcohol or the use of co-solvents might increase the stability as well, even
though so far these procedures were mainly used to enhance the efficiency of spin-coated
devices.

Finally, real-world application of long-term stable organic solar cells will be possible when
the pathways of degradation are fully understood and can be inhibited. In addition, a cost-
effective, large-scale production process has to be developed. Then, manifold applications
of organic solar cells in art and architecture as well as solar trees, clothes and windows
can be realized and decentralized power generation becomes feasible. Organic solar cells
are expected to be of great importance in the energy revolution towards climate-neutral
power generation and reduction of global warming.





A Appendix: In Situ Printing

The following chapter is based on the published articles: ”In Situ Printing: Insights
into the Morphology Formation and Optical Property Evolution of Slot-Die Coated
Active Layers Containing Low Bandgap Polymer Donor and Nonfullerene Small Molecule
Acceptor” [177] (Kerstin S. Wienhold et al., Sol. RRL, vol. 4, no. 7, p. 2000086, 2020,
DOI: 10.1002/solr.202000086) and: ”Following In Situ the Evolution of Morphology and
Optical Properties during Printing of Thin Films for Application in Nonfullerene Acceptor
based Organic Solar Cells” [243] (Kerstin S. Wienhold et al., ACS Appl. Mater. Interfaces,
vol. 12, no. 36, p. 40381–40392, 2020, DOI: 10.1021/acsami.0c12390). Content and images
of the following chapter can be found in the supporting information of the respective articles
and are reproduced with permission from Wiley and ACS publishing, Copyright 2020.
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A1. In Situ Printing Set-Up

A meniscus guided slot-die coater (Figure A.1) was used to study the film formation
in situ at the MiNaXS beamline P03, DESY, Hamburg. The set-up for meniscus guided
slot-die coating mainly consists of a syringe pump, a sample holder, which was moved by
a motor and a printer head. A meniscus guide mask and a shim mask, mounted inside the
printer head, guided the solution to provide a stable meniscus during printing, whereas a
motor moved the sample holder with a constant velocity. The small, light-weight set-up
was mounted on a beamline at the synchrotron source in order to perform in situ X-ray
scattering experiments with high brilliance and time resolution to follow the fast process
of film formation. The printer was installed perpendicular to the X-ray beam to enable
in situ GISAXS (Figure A.1a) or GIWAXS (Figure A.1b).

Figure A.1.: The small, light-weight set-up is installed at the synchrotron source to carry out
in situ (a) GISAXS and (b) GIWAXS experiments. The X-ray beam (red arrow), printing direction
(green arrow) as well as selected components (GIWAXS detector, printer, syringe pump) are
marked. Reproduced with permission from ACS publishing and Wiley.
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A2. In Situ Printing of PBDB-T-SF:IT-4F

A.2.1. Tauc Plot for PBDB-T-SF:IT-4F

The optical bandgap of the active material was determined with a Tauc plot. The
absorption coefficient α was obtained from the respective UV/vis spectrum. The bandgap
Eg is determined to red-shift from (1.63 ± 0.04) eV to (1.52 ± 0.04) eV during film
formation (Figure A.2).

Figure A.2.: The bandgap of a printed active layer based on PBDB-T-SF:IT-4F is determined
with a Tauc plot to be (a) (1.63 ±0.04) eV for the wet film and (b) (1.52 ±0.04) eV for the
final dry film. Reproduced with permission from Wiley.
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A.2.2. Modeling UV/vis Spectra of IT-4F

Electronic transitions were determined by modeling UV/vis absorbance spectra (Fig-
ure A.3, green) with sets of Gaussian functions, which all have the same width. The
UV/vis spectrum for IT-4F in solution (Figure A.3a) and as a thin film (Figure A.3b) is
modeled with a set of Gaussian functions of equal width (red). Summing up all Gaussian
functions gives the modeled absorbance (black).

Figure A.3.: Electronic transitions of the small molecule acceptor IT-4F are determined with
sets of Gaussian functions (red) of equal width. Electronic transitions of IT-4F are shown for
(a) a dilute CB solution and (b) a dry film. Reproduced and adapted with permission from Wiley.
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A.2.3. Modeling UV/vis Spectra of PBDB-T-SF:IT-4F

The absorbance of a slot-die coated active layer is shown for the initial wet film (Figure A.4a,
green) and the final dry film (Figure A.4b, green). As contributions of PBDB-T-SF and
IT-4F overlap in the absorbance spectra, center positions and width of the set of Gaus-
sian functions were adopted from modeling pure PBDB-T-SF (Figure 3.4) and IT-4F
(Figure A.3) in solution and as thin films. Summing up all Gaussian functions gives the
modeled absorbance (Figure A.4, black).

Figure A.4.: In a slot-die coated thin film based on PBDB-T-SF:IT-4F, electronic transitions of
polymer (blue) and acceptor (red) overlap. Sets of Gaussian functions are applied to determine
the electronic transitions of (a) the initial wet film and (b) the final dry film. Reproduced with
permission from Wiley.
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A.2.4. GISAXS Radiation Damage Test for PBDB-T-SF:IT-4F

Radiation damage has to be excluded in all in situ studies performed at high brilliance
synchrotron sources such as the DESY to rule out morphology changes caused by the
X-ray radiation. Radiation damage is excluded after the in situ experiment by comparing
the in situ position with several ex situ positions, which have not been illuminated with
the X-ray beam before. Therefore, GISAXS was measured at 20 ex situ positions. Ex situ
(Figure A.5, green) and in situ (Figure A.5, red) measurements show excellent agreement
in the horizontal (Figure A.5a) and vertical (Figure A.5b) line cut. Error bars are defined
by the Poisson distribution of the beam profile and the standard deviation of the sample
homogeneity. Therefore, radiation damage is excluded in this in situ study.

Figure A.5.: Comparison of (a) horizontal and (b) vertical line cuts of GISAXS measurements
performed at the in situ and several ex situ positions. Radiation damage is ruled out in this
in situ study due to excellent agreement of in situ and ex situ measurements. The Detector gap
is marked with a gray bar. Reproduced with permission from Wiley.
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A3. In Situ Printing of PBDB-T-2Cl:IT-4F

A3.1. Tauc Plot for PBDB-T-2Cl:IT-4F

The optical bandgap of PBDB-T-2Cl:IT-4F is determined with Tauc plot to red-shift from
(1.64 ±0.04) eV to (1.52 ±0.04) eV for active layers processed at 25 °C (Figure A.6a,b)
and 35 °C (Figure A.6c,d).

Figure A.6.: Tauc plots of (a) the wet film printed at 25 °C, (b) the dry film printed at 25 °C,
(c) the wet film printed at 35 °C and (d) the dry film printed at 35 °C. Reproduced with permission
from ACS publishing.
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A3.2. Modeling UV/vis Spectra of PBDB-T-2Cl

To determine the electronic transitions of PBDB-T-2Cl, UV/vis absorbance spectra were
measured for a printed wet film (Figure A.7a, green) and the final dry thin film (Fig-
ure A.7b, green).

Figure A.7.: Electronic transitions of PBDB-T-2Cl are determined by modeling with sets of
Gaussian functions (blue). Absorbance spectra (green) and modeling results (black) are given for
(a) a dilute CB solution and (b) a dry film. Reproduced with permission from ACS publishing.
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A3.3. Modeling UV/vis Spectra of PBDB-T-2Cl:IT-4F

UV/vis spectra of printed active layers based on PBDB-T-2Cl:IT-4F and the correspond-
ing sets of Gaussian functions to model the absorbance are illustrated in Figure A.8.
The absorbance of the thin films is shown for dilute solutions (Figure A.8a,c) and dry
films (Figure A.8b,d) for a processing temperature of 25 °C (Figure A.8a,b) and 35 °C
(Figure A.8b,d).

Figure A.8.: In printed active layer, contribution of PBDB-T-2Cl (blue) and IT-4F (red) overlap.
Electronic transitions in thin films slot-die coated at (a,b,) 25 °C and (c,d) 35°C are determined
by modeling with sets of Gaussian functions. Absorbance spectra (green) and modeling results
(black) are given for (a,c) a wet film and (b,d) a dry film. Reproduced with permission from
ACS publishing.
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A3.4. GISAXS Radiation Damage Test for PBDB-T-2Cl:IT-4F

In this experiment, exposure to X-ray radiation was minimized by a measurement script,
enabling a measurement time of 0.05 s in combination with a fast shutter operation, and by
moving of the measurement position (for printing at 35 °C). For the sample printed at 25 °C
(Figure A.9a,b) as well as for the film printed at 35 °C (Figure A.9c,d), radiation damage
is ruled out due to excellent agreement of in situ (red) and ex situ (green) measurements.

Figure A.9.: Comparison of (a,c) horizontal and (b,d) vertical line cuts of 2D GISAXS data
performed at in situ (red) and ex situ (green) positions for thin films printed at (a,b) 25 °C and
(c,d) 35 °C. Error bars are estimated by the Poisson distribution of the X-ray beam and the
sample homogeneity. Due to excellent agreement of in situ and ex situ measurements, radiation
damage is ruled out in this experiments. Detector gaps are marked with gray bars. Reproduced
with permission from ACS publishing.
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A3.5. GIWAXS Radiation Damage Test for PBDB-T-2Cl:IT-4F

To rule out radiation damage in the GIWAXS experiment, tube cuts were performed at the
(100) IT-4F Bragg peak position. Tube cuts and azimuthal q integrals of measurements
performed at in situ (red) and ex situ (green) positions are shown in Figure A.10. For
the sample printed at 25 °C (Figure A.10a,b) as well as for the film printed at 35 °C
(Figure A.10c,d), radiation damage is ruled out due to excellent agreement of in situ and
ex situ measurements.

Figure A.10.: Comparison of tube cuts and azimuthal q integrals for samples printed at (a,b) 25 °C
and (c,d) 35 °C at in situ (red) and ex situ (green) positions. Radiation damage is excluded in
these experiments due to excellent agreement of in situ and ex situ positions. The inaccessible
q range is marked with gray bars. The error bars are estimated by the Poisson distribution of the
X-ray beam and the sample homogeneity. Reproduced with permission from ACS publishing.





B Appendix: In Operando Degradation

The following chapter is based on the published article: ”Following In Operando the
Structure Evolution-Induced Degradation in Printed Organic Solar Cells with Nonfullerene
Small Molecule Acceptor” [262] (Kerstin S. Wienhold et al., Sol. RRL, vol. 4, no. 9,
p. 2000251, 2020, DOI: 10.1002/solr.202000251). Content and images of the following
chapter can be found in the supporting information of the respective articles and are
reproduced with permission from Wiley, Copyright 2020.
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In Operando Set-up

Photographs of the in operando set-up in front (Figure B.1a) and top view (Figure B.1b)
installed at the MiNaXS beamline P03, DESY, Hamburg are shown. Vacuum conditions
(10−2 mbar) and water cooling (15 °C) were applied to ensure a stable temperature and
to rule out chemical degradation by oxygen or air humidity. JV characteristics were
probed with a SourceMeter Keithley® 2400. The X-ray beam entered the chamber through
Kapton® windows. The light of the sun simulator was reflected at a mirror to enter the
chamber.

Figure B.1.: Photographs of the in operando set-up in (a) front and (b) top view. Reproduced
with permission from Wiley.
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Radiation Damage Test

Figure B.2 shows the radiation damage test for printed organic solar cells based on a 1:1
and 1:2 ratio of PBDB-T-SF:IT-4F. 100 GISAXS measurements with an exposure time of
0.3 s per frame were continuously performed at one fixed spot. No morphological change is
observed in the horizontal (Figure B.2a,c) or vertical (Figure B.2b,d) line cuts for exposure
times up to 30 s. In this work, the overall exposure time is kept far below the threshold for
radiation damage as only 10 frames were performed for each sample. Therefore, radiation
damage is excluded for all in operando studies performed in the context of this thesis.

Figure B.2.: Radiation damage tests performed at active layers of printed organic solar cells based
on a (a,b) 1:1 and (c,d) 1:2 donor:acceptor ratio under vacuum conditions. The (a,c) horizontal
and (b,d) vertical line cuts are stable for 30 s of continuous GISAXS measurements at one fixed
spot. Reproduced with permission from Wiley.
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Solar Cell Performance

Table B.1 gives the average device parameters of the investigated organic solar cells at
the beginning of operation. Four pixels close to the GISAXS measurement position were
connected in parallel to record average JV characteristics. It should be noted that the
achieved device performance is lower as compared to values commonly achieved in our
laboratory and reported in literature, due to the need for transporting the devices to the
synchrotron radiation source DESY in Hamburg.

Table B.1.: Average Device Parameters at the Beginning of Illumination for the Solar Cells
investigated. For each Device, four Pixels close to the GISAXS Measurement Position were
Connected in Parallel.

donor:acceptor ratio PCE [%] JSC [mA/cm2] VOC [V ] FF [-]

1:1 2.3 7.43 0.74 0.42
1:2 4.5 17.78 0.61 0.41
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