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Abstract

The present work investigates the formation kinetics and possible manipulations of the
morphology of printed organic solar cells. For this purpose, an up-scalable printing device
is designed and constructed. The slot die coater is built in a modular way to easily adapt it
to different measurement techniques and control parameters. The printer is inserted into
a synchrotron beamline and the structure formation of printed organic films is followed
in situ with grazing incidence small and wide angle X-ray scattering. A model of the
structure formation is extracted, serving as basis of the establishment of a process to
tailor the structure via electrophoresis-assisted printing. The application of an electric
field during film deposition yields an optimized inner film structure. For further control
of the morphological evolution, a chamber is developed, which enables the variation of the
chemical atmosphere surrounding the sample. The comparison of the structure formation
of films printed in a dry versus a solvent-enriched atmosphere via grazing incidence X-
ray scattering illuminates the positive effect of subsequent solvent annealing. This work
contributes to the understanding of the structure formation in printed organic solar cells

and provides pathways to tailor their morphology.

Zusammenfassung

Diese Arbeit befasst sich mit der Strukturbildung in gedruckten organische Solarzellen
und Moglichkeiten, diese Strukturbildung zu beeinflussen. Dafiir wurde ein hochskalier-
barer Druckeraufbau konstruiert und gebaut. Um Anpassungen an verschiedene Mess-
methoden sowie Kontrollparameter einfach durchzufiihren, ist der Schlitzdiisendrucker in
modularer Bauweise entworfen. Der Drucker wird in eine Synchrotron-Endstation einge-
baut, um die Strukturbildung in gedruckten organischen Filmen in situ mit Rontgenklein-
und -weitwinkelstreuung unter streifendem Einfall zu verfolgen. Ein daraus entstandenes
Modell der Strukturbildung dient als Basis, um einen Prozess zu etablieren, der die Struk-
tur mittels eines elektrophorese-unterstiitzten Druckprozesses beeinflusst. Das wahrend
des Druckens angelegte elektrische Feld fithrt zu einer optimierten inneren Struktur. Zur
weiteren Kontrolle der Morphologiebildung dient die Entwicklung einer Kammer, die es
erlaubt, die chemische Atmosphére um die Probe zu variieren. Der Vergleich der Struk-
turentwicklung zwischen Filmen, die entweder in einer trockenen oder einer mit Losemittel
angereicherten Atmosphére gedruckt werden, zeigt den positiven Effekt des Losemittel-
temperns. Diese Arbeit liefert einen Beitrag zum Verstandnis der Strukturbildung in
gedruckten organischen Solarzellen und bietet mogliche Anséatze, deren Morphologie zu

beeinflussen.






Contents

Abstract

Contents

List of abbreviations

1 Introduction

2 Theoretical aspects

2.1 Polymer fundamentals . . . .. .. ..

2.1.1

Conductive polymers . . . . . .

2.1.2  Polymer crystallization and phase separation . . . . . . .. .. ...

2.2 Organicsolarcells. . . . . ... .. ..

221
2.2.2

Basic principles . . . . ... ..

Loss mechanisms . . . . . . ..

2.3 Slot-die coating . . . . ... ... ...

2.3.1
2.3.2
2.3.3

Basics . . ... ...
Printing parameters . . . . . .
Defects . . . . . ... ... ...

2.4 X-ray scattering . . . . ... ...

24.1
24.2

Basic principles . . . . . .. ..

X-ray reflectivity . . . . . . ..

2.4.3 Grazing incidence X-ray scattering . . . . . .. ... ... ... ..

3 Characterization methods

3.1 Spectroscopic and electronic characterization . . . . . . ... ... ... ..

3.1.1
3.1.2
3.1.3

3.14

UV /Vis spectroscopy . . . . . .
Electrophoretic light scattering

Metal-insulator-semiconductor -
creasing voltage . . . . . . . ..

Current-voltage characterization

charge extraction by linearly in-

vii

13
20
20
26
27
28
29
31
32
33
34
36

41
41
41
43

45
46

iii



iv Contents
3.2 Structural characterization . . . . . . . . .. ..o 48
3.2.1 Optical microscopy . . . . . . . . ... 48
3.2.2  Atomic force microscopy . . . . .. ..o 49
3.2.3 Profilometry . . . . . ... 50
3.2.4  Vis-NIR reflectometry . . . . . . . ... .. ... .. 51
3.2.5  X-ray reflectivity . . . . ... 52
3.2.6  Grazing incidence X-ray scattering . . . . . .. ... ... ... .. 53
4 Sample preparation 57
4.1 Materials . . . . .. L 57
4.2 Sample processing . . . . . ... 59
4.2.1 Substrate preparation . . . . . . .. ... ... 60
4.2.2  Thin film deposition . . . . . .. ... ..o 60
4.2.3 Solar cell fabrication . . . . . .. .. ... 0oL 62
5 Design and construction of an experimental printing setup 65
5.1 Basic printer setup . . . . ... 67
5.1.1 Printer scaffold . . . . . . ... ... ... L 68
5.1.2 Print head . . . . . . . . .. 70
5.1.3 Linear motors and software control . . . . . ... ... ... .... 73
5.2  Electric field implementation . . . . . . . ... 74
5.3 Atmospheric control chamber . . . .. . ... 75
5.3.1 Construction . . . . . . ... 75
5.3.2 Concept testing . . . . . .. ..o 79
5.4 Summary ... ... 82
6 Structure formation dynamics in printed films 83
6.1 Experimental details . . . . . .. . ... oo 84
6.2 In situ characterization . . . . . . . . ... L 87
6.2.1 Polymer crystallization process . . . . . .. .. ... ... ... .. 87
6.2.2 Phase separation and fullerene aggregation . . . . . . . . .. .. .. 98
6.2.3 Solar cell performance . . . . . . . ... ... 104
6.2.4  Structure evolution model and conclusion . . . . . . . . .. ... .. 105
6.3 Summary . . ... e 108
7 Impact of electric field on active layer 109
7.1 Experimental details . . . . . . .. ..o o 110
7.2 Electronic and spectroscopic characterization . . . . . . . . ... ... ... 113

7.2.1 Solar cell performance . . . . . . . ... ... L. 113



Contents

v

7.2.2 Absorption behavior . . . ... ..o 116

7.2.3 Mobility measurements . . . . . ... ..o 117

7.3 Morphological analysis . . . . . .. .. ... 117
7.3.1 Crystallinity investigations . . . . . . . . . ... ... ... ... .. 117

7.3.2 Vertical material composition . . . . . ... ... ... 120

7.3.3 Lateral phase separation . . . . . .. .. ... ... .. ... .... 123

7.4 Resulting reconstruction of inner film morphology . . . . . . . . .. .. .. 124
7.5 SUMMATY . . . . . 126

8 Influence of solvent atmosphere on film evolution 127
8.1 Experimental details . . . . . . . ... oo 128
8.2 In situ characterization . . . . . . . . ... L 130
8.2.1 Polymer crystallization process . . . . . .. .. ... ... ... .. 132

8.2.2 Phase separation and fullerene aggregation . . . . . . . . .. .. .. 139

8.2.3 Discussion of a structure evolution model and conclusion . . . . . . 144

8.3 Summary . . ... 147

9 Conclusion and outlook 149
Bibliography 153
List of publications 175
Acknowledgements 179






List of abbreviations

AFM ... atomic force microscopy

ALS ... Advanced Light Source

BHJ ................ ... bulk-heterojunction

CB ... conduction band

CBZ .................... chlorobenzene

CCD ..o charge coupled device

DCBZ .................. dichlorobenzene

DI water ................ deionized water

DWBA ................. distorted wave Born approximation

EG ... ethylene glycol

FF oo fill factor

FTIR ................... Fourier transformed infrared spectroscopy
FTO ..., fluorine doped tin oxide, SnOy:F

FWHM ................. full width at half maximum

GID ... grazing incidence diffraction

GISAXS ... grazing incidence small angle X-ray scattering
GIWAXS ............... grazing incidence wide angle X-ray scattering
GIXS ... grazing incidence X-ray scattering

HOMO ................. highest occupied molecular orbital

I/V oo current-voltage characteristics

vii



viii List of abbreviations

IPA ... isopropyl alcohol, C3 HsO

ITO ... indium doped tin oxide

LBNL ................... Lawrence Berkeley National Laboratory

LCAO .................. Linear combination of atomic orbitals

LED .................... light emitting diode

LMA .................... local monodisperse approximation

LUMO .................. lowest unoccupied molecular orbital

MIS-CELIV ............. metal-insulator-semiconductor - charge extraction by linearly

increasing voltage

MPP ... maximum power point

NIR ... near infrared

NREL ............ .. ... National Renewable Energy Laboratory
OE ...l organic electronic

OLED .................. organic light emitting diode

OPV ... organic photovoltaic

OSC ... organic solar cell

P3HT ................... poly(3-hexyl-thiophene), (CioH14S),

PA .. polyacetylene

PC7xoBM ..., [6,6]-phenyl-C7 butyric acid methyl ester
PCBM .................. [6,6]-phenyl-Cg butyric acid methyl ester
PEDOT:PSS ............ poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
PEEK .................. poly(ether ether ketone)

PL ... . photoluminescence

PTFE ... .. poly(tetrafluoroethylene)

PV photovoltaic



List of abbreviations

PVDF .................. poly(vinylidene fluoride)

1150) 1 K revolutions per minute

SDD ... sample-detector distance
SEM ... scanning electron microscopy
SLD ... scattering length density
TCO ... transparent conductive oxide
TEM ................... transmission electron microscopy
UV/Vis ... UV /Vis spectroscopy

VB valence band

Vis-NIR ................. visible-near infrared

WLI ..o white light interferometry
XRD ..o X-ray diffraction

XRR ... X-ray reflectivity






1 Introduction

Solar power - and in particular photovoltaics (PVs) - is one of the pillars of renewable
energy supply. An enormous increase in global PV capacity has led to 303 GW installed
capacity by the end of the year 2016. [1] This is an increase of 75 GW compared to 2015,
and 297 GW additional capacity since 2006 - an increase by a factor of 50. [1] This trend
emphasizes the rising demand for PV devices. Studies show the area potential of buildings
in Germany of 2344 km? split into 1760 km? of roof area and 584 km? of facades to be
equipped with PV. [2,3] A recent study of the National Renewable Energy Laboratory
(NREL) estimates the potential in US housings to 8130 km?. [4,5] However, 60-80% of
the surface can not be equipped with heavy glass or conventional photovoltaic technology

but needs a light weight PV solution. [5] To fill this gap new technologies are needed.

The discovery of electrical conductivity of polyacetylene via oxidative doping in the
1970s was awarded with the Nobel prize in chemistry in 2000 for Alan J. Heeger, Alan
G. MacDiarmid and Hideki Shirakawa. [6,7] This triggered the interest on organic semi-
conductors and led to extensive research on organic photovoltaics (OPVs). Their light
weight offers the possibility to supply the demand in niche markets. Next to the light
weight, OPV exhibits a number of further advantages, amongst them the high mechanical
flexibility, the optical tunability and the good performance under low light conditions and
low angle of incidence. [5,8-11] Moreover, a cost-efficient processing of organic solar cells
(OSCs) is possible by evaporation or printing techniques. [12-14] The production of OPVs
in roll-to-roll coating processes enables the fabrication of large scale devices. [15,16] This
potentially allows for a number of applications including integration into buildings, wear-
ables and portable devices as well as mobility and the Internet of Things (IoT). [5] For
device commercialization, five core technologies have to be addressed by both, academic
and industrial research. These include device efficiency and stability, flexible transparent

electrodes, module design and printing technologies. [17]

The conversion of sun light into electrical energy in photovoltaic devices can be di-
vided into the main processes of light absorption and excitation of charge carriers, their
separation into free charge carrier and following transportation to the respective elec-
trodes. In inorganic solar cells, these processes happen within the same material, as the

weak Coulombic binding of the excited charge carriers and the built-in pn-junction are
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sufficient to split the charge carriers at room temperature and transport them to the re-
spective materials. In OSCs, at least two materials are needed to generate and provide
the free charge carriers. A promising approach for OSCs is the combination of semi-
conducting polymers with methano fullerenes. [18-20] One of the most intensely studied
material systems - and therefore applied as a benchmark - is the combination of the poly-
mer poly(3-hexyl-thiophene) (P3HT) with the fullerene derivative [6,6]-phenyl-Cg butyric
acid methyl ester (PCBM). [21-23] In OSCs, the light is absorbed in the strongly absorb-
ing polymer, which excites an electron and creates a bound electron-hole pair, an exciton.
The short lifetime of the exciton allows it to diffuse within a limited radius of only a few
nanometers, before it recombines again to the ground state. [24] In order to be split into
its respective charge carriers, this exciton needs to reach a polymer/fullerene interface
within its lifetime. Therefore, one of the most efficient morphologies is an interpenetrat-
ing network of the polymer and the fullerene with length scales of a few nanometers. This
is commonly achieved by so-called bulk-heterojunction (BHJ) solar cells. [25-29] Once the
exciton reaches such an interface, it can be split into free charge carriers, the electron and
the hole. Consequently, the active layer morphology on the nanoscale is of utmost impor-
tance in order to produce free charge carriers, a prerequisite to obtain current from the
OSC. However, after successfully splitting an exciton, the electrons and holes are found
in polymer and fullerene domains, respectively. In order to extract the charge carriers,
transportation to the respective electrodes must be ensured. For this a percolation path
for the charge carriers as well as a sufficient charge carrier mobility in the material are
needed. While the percolation paths are a morphological matter in the order of several
nanometers, the charge carrier mobility is influenced by the packing and orientation of
polymer crystals in the Angstrom to nanometer regime. [30] Therefore, the morphology
on different length scales is essential for efficiently working solar cells. Understanding and
manipulating the structure formation in organic solar cells is hence highly desirable as a

key to improve the device performance.

A lot of research investigated the relationship between the morphology and the func-
tionality of OSCs. Common techniques to investigate the inner film structure are optical
absorption spectroscopy, reflectometry and scattering using optical or X-ray radiation,
scanning and transmission electron microscopy, optical and atomic force microscopy, to
name a few. [31-36] Often, the materials are characterized on static samples after the
production. While this yields information about the structure-function relation, it does
not provide insights into the kinetics taking place during the structure formation. Due
to the evolving experimental techniques and computational power, investigations of the
involved kinetics have recently become possible. With in situ studies, the morphological

evolution is investigated for example for spin coated or solution cast samples. [37-40] The
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Figure 1.1: Overview of the topics covered within the scope of this thesis. The overall goal is to

gain knowledge necessary for the production of large scale organic solar cells. Therefore, the work
is split into four work packages. For all physical investigations, the prerequisite is to automatize
the process of printing solar cells. As basis, a printer for lab applications is designed, set up and
adapted to the different purposes of the individual research topics. First, the processes during
the nano-structure formation are investigated in order to contribute to understand the basic
morphology formation on the nano-scale. Based on this work, the assembly of the active layer
is actively influenced on the nanometer scale during coating via the application of an external
electric field and the assistance of electrophoretic forces. The development of an atmospheric
gas control chamber finally allows to control the solidification process of the printed film by
varying the solvent content in the surrounding atmosphere.

deposition techniques mostly applied to date are well established on a laboratory scale
yielding high performing OSCs. Up-scaling to large area devices is not easily possible,
especially with spin coated devices. However, the structure formation dynamics might
differ depending on the applied deposition methods and are thus not simply transferable
to printing techniques. In order to bridge the gap from lab to fab applications, further
research on the processes involved in printed OSCs is necessary, especially in terms of

structure evolution dynamics and possibilities to influence the morphology formation.

The presented thesis contributes to the understanding of the relationship between struc-
ture and function in up-scalable printing techniques, which is an important factor towards

large scale OSCs. The focus lies on the kinetics involved in the structure formation and
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possible manipulations during the morphological evolution. Figure 1.1 gives an overview
of the aspects addressed within this thesis. The principal aim of the work presented in
this thesis is to acquire knowledge, that is necessary when moving towards large-scale
OSCs. The basis of the work is the development and construction of a printing setup
for organic thin films to automatize the sample processing. It additionally requires the
possibility to perform in situ studies on the structure formation in the printed organic
films. This experimental setup should be designed in a modular way in order to expand it
with additional parameter control building blocks and adapt it to the required measure-
ment techniques. The printer should be capable to picture the printing process of OSCs
at a laboratory scale. With the basic printer setup, an understanding of the structure
formation should be gained by performing in situ X-ray scattering studies on the printed
organic thin films. The knowledge about the structure formation in printed films is used
to actively influence its morphology while processing. This aims to provide an easy and
versatile approach to optimize the device performance. The printer setup is therefore
equipped with electrodes for the application of an electric field during thin film depo-
sition. Moreover, the design of an atmospheric chamber for the printer setup allows to
control the atmosphere surrounding the printed film. With a varying solvent atmosphere,
the solidification process should be controlled and the influence is investigated with in

situ, X-ray scattering.

The thesis first introduces the physical background in chapter 2. This background is
intended to give a brief overview to follow the processes and techniques used within the
scope of this work. The applied characterization methods are presented in chapter 3 and
the sample preparation in chapter 4. The design and versatility of the printer setup is
described in chapter 5. The results of the morphology evolution in printed layers are com-
pared to the known processes in spin coated or solution cast films. The investigations are
presented in chapter 6. Chapter 7 presents the possibility arising from the electrophoretic
assisted printing by depositing the organic film in the presence of an electric field. The
control of the solidification process by varying atmospheres is presented in chapter 8. The

thesis closes with a conclusion of the findings and an outlook in chapter 9.



2 Theoretical aspects

This chapter considers the most basic theoretical background in the frame of the topics
covered in this thesis. First, the basics of polymer physics are introduced in section 2.1.
Special focus is put on the conductivity of polymers and their crystallization and phase
separation behavior. The presented topics are prerequisites for the functioning of organic
solar cells and thus explained to introduce the working principles of organic solar cells
presented in section 2.2. In this section all involved principles from light absorption to
charge carrier generation to the final charge extraction are covered. Subsequently, the
background of printing methods with a focus on slot-die coating is given in section 2.3.
X-ray scattering is utilized as the main characterization method in this thesis. Hence,
section 2.4 addresses the concepts involved in investigating the inner film structure using
X-ray scattering.

As this chapter only provides a very brief overview over the fundamentals of polymers,
organic semiconductors, liquid film coating and scattering, the reader is referred to liter-

ature for further details, from which the following overview is mainly extracted. [41-52]

2.1 Polymer fundamentals

Polymers are macromolecules which consist of a sequence of monomers (poly greek for
‘'many’). A monomer is therefore the smallest unit of a polymer, typically an atom or a
small molecule. Monomers covalently bind to other monomers to form the polymer. The
number of monomers in a polymer is defined as degree of polymerization n. The definition
of a polymer generally depends on the chain length. The end of chains might interact
differently with the surroundings compared to the chain itself. Different to polymers,
oligomers have a lower degree of polymerization and are thus shorter. As the ratio of end
to middle part of the chain differs for oligomers and polymers, the properties between both
typically differ, too. The terms used to describe polymers are defined by the International
Union of Pure and Applied Chemistry (IUPAC). [53] To graphically illustrate a polymer,
different notations are used as exemplary depicted in figure 2.1 as example for polystyrene
or short PS. The chemical formula of PS is (CgHg),, where n is the average number of

monomer units per polymer (degree of polymerization). The simplest way to depict a

5
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Figure 2.1: Different representations of polymers: (a) Most simple representation by a line
indicating the backbone of the polymer. (b) The skeletal formula for several monomers or (c)
the abbreviated skeletal formula for one monomer and the degree of polymerization n. (d) The

complete Lewis structure formula for one monomer. The examples are given for polystyrene.

polymer is to simply draw the backbone chain as a curled line (figure 2.1a). A common
way to show the chemical formula is to show the skeletal formula for several monomers
(figure 2.1b). One line represents a single bond, two lines a double bond. The skeletal
formula is also used in an abbreviated representation as depicted in figure 2.1c. There,
only one monomer is depicted and brackets indicate the repeating unit with the degree of
polymerization n. The long hydrocarbon chain is usually denoted as polymer backbone
and the phenyl side group - in the case of PS -is periodically attached. The complete
components are shown in figure 2.1d in the Lewis representation, in which all the atoms
are explicitly labeled. In this thesis, the polymers are usually represented by either of
figure 2.1a-c.

Polymers are synthesized by covalently binding the monomer molecules together, called
polymerization. This is an statistical process and thus never leads to one single degree
of polymerization but a statistical collective. Therefore, all definitions for polymers are
based on statistics. The first central moment of the statistical distribution of molar masses

is the number average molar mass M,:
(]

M, =+
2.1

(2.1)
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where n; is the number of moles of each polymer species, and M; is the molar mass of
that species 7. The total mass of the macromolecules of the i-th species is w; = n; - M.

With that the weight average molar mass M, is defined as
Z w; M;

My=-+— .
2w

(2.2)

An important characteristic of polymers is the width of the distribution of molar masses,
i.e. the distribution of the degree of polymerization. It is called polydispersity index
PDI:

M,
PDI=—=U+1 2.3
U+ 23)

n

with U, the inconsistency coefficient as a measure of the distribution width. A monodis-
perse polymer, which would mean the same degree of polymerization of all components,
has PDI=1 and U=0. The PDI for synthetic polymers is larger than 1. For scientific
purposes a PDI close to 1 is desirable as the properties of the polymers are better defined.
This is for example obtained by a chain-growth polymerization, in which monomers are

attached to already existing polymer fragments.

The shape of a polymer chain is described by its conformation. It is generated by the
rotation of polymers or chain segments around single bonds. The shape of the polymer
depends on the surrounding environment like the solvent. In a good solvent, meaning
that the optimization of Gibb’s free energy favors the mixing of polymer and solvent,
the chains are rather stretched resulting in an open chain conformation. Gaussian coils
or tightly coiled conformations are obtained by mixing the polymer with a bad solvent,

meaning the optimization of Gibb’s free energy favors two phases.

Depending on the conformation of the polymers, different characteristic length scales are
of interest. The contour length describes the length of a completely stretched polymer
chain, which is rarely used to describe a polymer as it is not observed in reality. To
account for the coiled structure, a more reasonable length scale is the end-to-end distance
R, between the first and last monomer of a polymer chain, which on the other hand does
not provide information on the polymer’s volume. A commonly used length scale is the

radius of gyration R,, describing the polymer chain with a Gaussian coil conformation:
2 1 S o2
Rg:MZmiHi—ml ) (2.4)

It describes the average distance of the monomers to the center of mass r., with the
complete single polymer mass M, and m; and 7; the mass and the position vector of the
i-th component. Hence, the chain is described as a sphere with radius R, around the

center of mass.
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2.1.1 Conductive polymers

The strength of polymers in terms of mechanical properties at light weight with their
electrically insulating properties has lead to a wide field of applications. Shirakawa,
MacDiarmid and Heeger, however, discovered in 1997 the possibility to dope polymers to
make them electrically conductive. [6] This discovery was awarded with the Nobel prize
in chemistry in 2000 and since then, the research on conducting polymers has increased
significantly. For conducting charges, the polymer needs to have delocalized n-electrons to
overlap and form a large orbital in which the electrons can freely move. These n-n-bonds
lead to bonding - and anti-bonding n*-bands. In inorganic semiconductor physics, the
former one is known as valence band (VB) and the latter one as conduction band (CB). In
polymer physics, however, they are known as highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO). Polymers with alternating carbon-
carbon single and double bonds are referred to as conjugated polymers. They typically
show semiconducting behavior. The first polymer, for which electrical conductivity was
observed was polyacetylene (PA). [6] Due to its chemical simplicity - it only consists of a
carbon chain with conjugated double bonds - it serves as model system for conductivity
in polymers.

Electrical conductivity requires the possibility to transport electrical charges. There-
fore, an introduction to band structures and an overview on charge carriers possibly ap-
pearing in polymers is given in the following section. Thereafter, the doping mechanism

and the transport of charge carriers is described.

Band structure

The linear combination of atomic orbitals (LCAO) explains the superposition of atomic
orbitals and therefore helps to calculate the molecular orbitals. In this framework, the
molecular orbitals can overlap with each other. As the orbitals can be described as
waves, they can overlap constructively and destructively to form a bonding or an anti-
bonding orbital, respectively. A conjugated m-system consists of sp? hybridized carbon
atoms. The LCAO predicts the forming of binding (=, filled) and anti-binding (*, empty)
orbitals, that are delocalized (figure 2.2). Between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) is typically an energy gap.
For additional coupled monomers (also for molecules in an organic molecular crystal) the
HOMO and LUMO of each molecule interact with each other. A further splitting of the
molecular orbitals is the result, which transfers to band-like structure for a large number

of monomers.
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Figure 2.2: Band structure obtained from the linear combination of atomic orbitals (LCAO)
for different numbers of coupled monomers n. For a higher number of coupled monomers,
the HOMO and LUMO levels split and broaden to a band like structure. The HOMO is also
known as ionization energy F; and the LUMO as electron affinity F, with respect to the vacuum

energy Fyq.. The difference between HOMO and LUMO s the gap energy Eyq).

An explanation for the occurrence of a band structure for polymers having a back-
bone with conjugated double bonds is given by Peierl’s instability theorem. Figure 2.3
schematically depicts its principle. The theorem assumes a one dimensional chain with
atoms having a periodic distance a, leading to a half-filled band up to the Fermi level
Er (figure 2.3a). Such a system behaves metallic. In case of a conjugated double bond,
a periodic superstructure of dimers with a periodicity of 2a occurs. Thus, delocalized -
electron systems are explained by Peierl’s instability that way, that the backbone appears
as dimerized periodic structure with 2a-periodicity instead of the undisturbed chain (fig-
ure 2.3b). This disturbance causes the formation of a band gap and hence a reduction of
the total energy. The Fermi level remains unchanged and is found in the energy gap, which
results in an insulating behavior. This transition is called metal-insulator-transition and
is generally known as Peierl’s instability. For polymers, the structure, degree of polymer-
ization or the later introduced doping can influence the width of the band gap. For many
semiconducting polymers, the band gap is in a range of 1.5 eV to 3 eV, for the widely
used polymer poly(3-hexyl-thiophene) (P3HT) the band gap is around 2.0 €V. [54-56]
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Figure 2.3: Schematic representation of the polymer band structure explained with Peierl's
instability theorem. (a) The band structure of a one-dimensional metal with a period a. The
energy band is filled up to the Fermi Energy Er. (b) After dimerization and the formation of
a superstructure an energy gap I, is formed. Below the energy representation, the respective

one dimensional chains with periodicity a and 2a are depicted.

Charge carriers

In inorganic systems charges are carried either via electrons or holes. However, in poly-
mers, charge carriers are quasi-particles, which combine charges and lattice distortions.
In inorganic lattices, the atoms are locally strongly bound and can only move slightly
around this position. In contrast to that, the chain in polymeric systems can change
its conformation and move quite freely leading to stronger polarization effects. Solitons,
polarons and bipolarons exist as quasi-particles in polymeric systems with an energeti-
cally degenerated ground state. Solitons are not observed in systems without degenerated
ground state. Figure 2.4 gives an overview over the energetic state of the different quasi-
particles and a schematic representation for the model system polyacetylene (PA). The
quasi-particles are not located at fixed positions, but rather distributed over several atoms
due to the structural relaxation of the chain. In case of PA the soliton is extended over
14 carbon atoms with an effective mass of six electrons. [57] PA has two degenerated
ground states leading to the presence of neutral solitons S°. Charged Solitons ST and
S~ are created via doping or excitation via light, yielding photoconductivity. In contrast

to electrons or holes, charged solitons do not exhibit a spin, while neutral solitons have
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Figure 2.4: Schematic of the energetic state of the three different quasi-particles as charge
carriers with a representation for the example of polyacetylene. The black dots represent electrons
that are not part of the m-bonds and the + and — signs the net charge. (a) Solitons are depicted
in neutral state S, positively ST and negatively S~ charged. (b) Polarons are found with a
positive P' and negative P~ net charge. (c) Bipolarons exhibit two positive B or two negative

B~ charges.

spin 1/2. Polarons exhibit a spin 1/2 and are charged, while bipolarons are spin-less and
charged. Despite the Coulomb repulsion of the net charges with same sign in bipolarons,
they are stable due to the polarization of the lattice. The combination of quasi-particles
can lead to annihilation or the formation of new ones. The combination of two S° leads to
annihilation, while combining S° with ST or S~ leads to P or P~. Similarly, combining
Pt with P~ leads to annihilation, while the combination of the polarons of same sign

forms bipolarons with the respective net charge.

Doping

Amongst others, the doping via reduction or oxidation of a polymer chain is the most
common way to achieve high conductivity. PA for example can be doped via the addition
of iodine. [58] Figure 2.5 schematically depicts the doping process of PA with iodine. If
the iodine molecule approaches the PA chain without the presence of a neutral soliton, it
oxidizes the PA, leaving behind a positively charged polaron. If, however, it approaches

the PA where there is a neutral soliton, it oxidizes the PA leading to a positively charged
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Figure 2.5: Doping of polyacetylene (PA) with iodine. (a) In the case there is no neutral soliton,
the approach of the iodine molecule leads to the formation of a positively charged polaron. (b)
An iodine approaches the PA with neutral soliton leading to the formation of a positively charged

soliton. For both cases, the iodine gets reduced, while the chain in return is oxidized.

soliton. In both cases the iodine molecule gets reduced. Due to Coulombic attraction,
the counter ion I3™ is bound to the charged quasi-particles and thus acts as a stabilizing

agent.

Charge transport

The transport of charges in organic semiconductors is generally characterized by
o low mobility,
» strong polaronic effects and
e hopping transport.

Within the polymer system, the charge transport along a chain is described as an efficient
band-like transport within the delocalized n-bands with the Su-Schrieffer-Heeger (SSH)
theory. However, polymers are of finite size and in order to macroscopically transport
charges, an interchain transport has to be considered, that occurs via hopping processes.
The hopping mechanism in disordered semiconducting polymers is best described by a
model with Gaussian disorder of the energetic states. [59,60] The charges are located at
energetic states that are smeared out with a Gaussian shape to account for spacial and
energetic disorder in the system. Charges can hop to a neighboring stage via a tunneling
process, which requires the energies of the neighboring states to overlap. Figure 2.6
schematically depicts the hopping transport occurring in disordered systems. A charge

is moving in time and space along an external electric field. The conductivity is thereby
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Figure 2.6: lllustration of the charge transport via hopping mechanism. (a) Total density of
states (DOS) with Gaussian disorder and width 20. The possible states for the charge carriers
are depicted with lines. (b) The hopping transport in case of an external electric field. In the case
of low temperatures, the relaxation ends at a trapped state, while thermal activation allows for
hopping towards energetically higher states. The inset shows the case for higher temperatures,
for which the Gaussian distribution of the single states smears out and overlaps slightly allowing

for the occupation of energetically higher states.

thermally activated. Energetically higher states can be occupied if additional energy
kgT is provided. In case of low or no thermal energy, the charge carrier relaxes to
lower energetic states until it gets finally trapped. Hence, the conductivity increases with
temperature. This effect is highly beneficial for applications like photovoltaics, for which
the operation temperature is well above room temperature and even further increases at
high solar irradiance. In general, the mobility of charge carriers in organic semiconductors
is much lower compared to inorganic semiconductors. A higher mobility in polymeric

systems is reached in crystalline regions of the polymer matrix.

2.1.2 Polymer crystallization and phase separation

The arrangement of the polymer chains within a thin film highly influences the charge
carrier mobility. For that purpose, a high order in crystalline domains is beneficial. [30,61]
In polymer:molecule blends, the involved materials might undergo a phase separation. The
separation of different domains is of utmost importance for applications in organic solar
cells, since material interfaces are important to separate the strongly bound excitons,

which exhibit only a short diffusion length. In conclusion, a special emphasis needs to be
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put on the inner morphology of the polymer blends. Hence, the polymer crystallization

as well as the phase separation on a mesoscale is described in the following section.

Polymer crystallization

In general, polymers are entangled. If they crystallize, they do not form complete crystals,
but a mixture of crystalline and amorphous domains. This is called a semicrystalline state.
A high activation barrier resulting from the need of disentanglement of the coiled polymer
chains hinders a complete crystallization. The degree of crystallinity ®. of polymers is

defined in terms of the volume fractions of crystalline V. and amorphous V, material:

V.
o, =
Vo +Ve

(2.5)

The amorphous part contains chain ends, entangled chains, impurities and other defects.
Polymer crystals often have a layered structure (crystalline lamellae) and can extend
laterally over several micrometers. Macroscopically the layered structure arranges in
spherulites. For organic solar cells, however, the size of spherulites would be too large
and is thus avoided and therefore not discussed in the following. Each polymer possesses
characteristic temperatures. The glass transition temperature T; for example describes
the temperature at which the polymer switches from a solid, glassy state to a more soft,
rubber-like state when heated. This is understood as a melting of degrees of freedom in a
polymer, allowing for a rearrangement of the polymer chains above 7,. In polymers that
can crystallize, further characteristic temperatures are the melting temperature 7,, and
the crystallization temperature 7,. In general, T is found between T, and 7},,. A widely
used model to describe the crystallization process in polymers is the multistage model
proposed by Strobl (figure 2.7). [41,62]

Nucleation The crystallization of a polymer starts with the formation of nuclei. Do-
mains with an enhanced inner order form and disappear again to form nuclei from which

crystal growth starts. The nucleation rate 7,1

w 1s proportional to the volume of crystal-

lizable domains v and in addition to an exponential function of the temperature: [63,64]

A AF,
U+C> - (2.6)

-1
True X €TP (— T
with the Boltzmann constant kg7 and the temperature T. AU is an activation energy
for polymer diffusion across the phase boundaries of crystallization that is dominating at
lower temperatures. Dominating at higher temperatures is the critical free energy AF,
describing the gain in free energy upon formation of nuclei. A maximum nucleation rate

is thus found for mediate temperatures. [65]
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Figure 2.7: Multistage model for polymer crystallization proposed by Strobl. [62] (a) Growing
mesomorphic phase around a nucleation agent. (b) Solidification by core crystallization and

crystal growth (c) and (d) stabilization by surface ordering.

Growth kinetics The crystals start to grow from nuclei or from nucleating agents like
impurities. In the initial stage of the model in figure 2.7a, a third phase, the mesomor-
phic (m) phase exists as intermediate phase next to the amorphous (a) and the crys-
talline (¢) phase. The transition between the phases is described by three controlling

temperatures:
o T2°: transition temperature from amorphous melt to mesomorphic phase
o T7°: transition temperature from amorphous melt to crystalline phase
o T virtual transition temperature from mesomorphic phase to crystalline phase,

which have the relation
Too < T < T2 (2.7)

The mesomorphic phase rejects defects and spontaneously grows due to high inner mo-
bilities. At a certain thickness, the core crystallizes and forms a block (figure 2.7b). The
growth and surface ordering (figure 2.7c) finally stabilizes the crystal (figure 2.7d).

Based on this model, Strobel constructed a phase diagram dealing with four phases
(figure 2.8). [62,66,67] The crystalline region (c) is divided into the native crystal (c;,)
and the stabilized crystal (¢s) phase. The transition lines of the stable regions are shown
as function of temperature 7" and inverse crystal thickness 1/n. The crystallization and
recrystallization lines were found to be independent of impurities, while the equilibrium
melting temperature 77 is decreasing with impurities. The mesophase only exists up to
T2 . The triple points X (X,,) consist of equal Gibbs free energies of the amorphous melt,
a mesomorphic layer and a stabilized (native) crystalline layer. Two routes for isothermal
crystallization followed by heating are indicated in figure 2.8: route (I) is realized by
crystallization at low temperatures. Starting at point (1), the chains from the amorphous

melt are attached to the mesomorphous layer, that spontaneously thickens. On reaching



16 Chapter 2. Theoretical aspects

T A
T <
Tae

00 o
Tam

Figure 2.8: T/n"! phase diagram of polymer layers in an amorphous melt (a) after Strobl. [62]
Three phases are present: mesomorphic (m), stabilized crystalline (¢s) and native crystalline
(cn) phase. There are two routes for an isothermal crystallization: (I) for low crystallization
temperatures and (1) for high crystallization temperatures.

Tine, at point (2), native crystals are formed followed by stabilization. Upon heating,
they first stay stable until they meet the transition line 7,.,. Instead of melting, the
crystals transform into the mesomorphic state. A continuous recrystallization is mediated
by the mesophase along point (3’) to (3). The crystal finally melts at the triple point
Xs. Route (1) is realized by crystallization at high temperatures. Starting at point (1),
the chains from the amorphous melt are attached to the mesomorphous layer. The layer
thickens spontaneously until point (2) on the T,,., transition line, at which native crystals
form immediately. Upon heating, the system stays stable until the transition line 75, is

reached, associated with the melting of the crystal.

Phase separation

Blending different polymers leads to materials with new properties like mechanical sta-
bility. For organic solar cells, the mixture of p-type and n-type polymers is necessary
to obtain satisfactory working devices due to an efficient charge transfer. [68] However,
two polymers usually do not mix but phase separate. The discussion focus on polymeric
systems. For other systems, the reader is referred to literature. The Gibbs free energy
of mixing AG needs to be considered to describe the thermodynamic phase behavior. In
the case of two polymers, the Flory-Huggins theory is well established to describe their-

miscibility behavior using a mean-field approach. [69,70] Mixing two components A and
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B with the respective Gibbs free energies G4 and G g of the isolated materials and G 4p
of a fully intermixed blend yields the difference in Gibbs free energy upon mixing AG of

AG = Gap — (Ga + Gp). (2.8)

At constant temperature and pressure of the environment, phase separation is favored for
AG > 0 while for AG < 0, the mixed state is preferred. The difference in free energy can
also be expressed in terms of the change of entropy AS and enthalpy AFE due to mixing

the components at temperature 7
AG = -TAS + AFE. (2.9)

The entropy is increased upon mixing. Furthermore, the interaction between the two

components influences the enthalpy of the system.

Entropic contribution: A rigid lattice model is used to obtain the change in entropy AS.
From the number of possible arrangements 2 the entropy is calculated by S = kgin(2)
with kg the Boltzmann constant. This is used to formulate the change in entropy due to
mixing AS = Syp — (5S4 + Sp) is

Dy by
AS = — —In® —Ind 2.1
S kgn (NAln A+NBln B> (2.10)

with N4 p the degree of polymerization and ®4 5 the volume ratio of component A and
B, while n is the total number of molecules on the lattice and &4 + &5 = 1. Equation
2.10 describes:

 mixture of monomers (Ngy = Ng = 1),

« mixture of polymers (N4 > 1, Ng > 1) and

« polymers in solution (N4 =1, Ng > 1).

Enthalpic contribution: The interaction between the monomers of the components are

described by the enthalpic contribution to the Gibbs free energy. The change in en-
thalpy AE due to mixing components A and B is given by

with y the Flory-Huggins interaction parameter.
The Gibbs free energy upon mixing AG (equation (2.9)) can be rewritten with equations
(2.10) and (2.11), and normalized to one mol:

® ®
AG = RT [ -2in®, + —2In®p + xD 4P (2.12)
Na N

with R = kgN and N Avogadro’s number.
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Flory-Huggins interaction parameter: The mean field formalism of the Flory-Huggins
model assumes the interaction parameter x to be only of enthalpic origin. However,
experiments lead to corrections of the Flory-Huggins interaction parameter y with an
entropic contribution yg:

_ XH

= 2.1
X =5 + Xs (2.13)

with the enthalpic contribution yg.

Phase diagram: Using Flory-Huggins theory, a phase diagram for polymer mixtures
can be derived. The construction of such a phase diagram is shown exemplary in fig-
ure 2.9. The upper part shows the Gibbs free energy of mixing depending on the polymer
ratio AG(®,) for different temperatures 7; obtained from equation (2.12). For high tem-
peratures (7.), a homogeneous mixture is stable as seen by the global minimum of the
trajectory. Decreasing the temperature (77 and Ts) leads to phase separation. The tran-
sition line from homogeneous to separated phase (binodal) is obtained from ®’ and ®”
of the AG(®4) trajectories for different temperatures. ®’ and ®” are tangential points

of the trajectory. A mixture of two components at a temperature 77 and a polymer
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ratio of & < &, < ®” will phase separate into two phases with the polymer ratios of
&’ and ®”, respectively. Depending on the initial blend ratio, the phase separation oc-
curs spontaneously (unstable region) or needs a nucleation step (metastable phase). The
transition between metastable and unstable is the spinodal line and is obtained from the
turning points of AG(®y4). The critical point is the common point of spinodal and binodal

transition lines. At this point, a second order phase transition occurs.

Phase separation of crystallizing polymers. In a polymer blend, in which one compo-
nent is crystallizing, the structural evolution might be dominated by the crystallization
process. The phase diagram needs to be modified to account for the melting tempera-
ture T,,(®4) of the polymer (figure 2.10). [71,72] Typical structural evolutions are de-
scribed by different routes (1)-(4). The starting point for each route is well above the
melting temperature 7,,(®,4). Thus, the crystallizing polymer is still amorphous and the
blend behaves like a standard blend. Below T,,(®4), the structural length is defined by
the dominating process. If the phase separation is faster than the crystallization, the crys-
tal size is limited by the structural length of the phase separation. If on the other hand
the crystallization is faster, the crystal size exceeds the structural length. In route (1),
phase separation occurs via spinodal decomposition, while in route (3), it happens via
nucleation and growth. During crystallization of a component B the surrounding gets
depleted from component B, which hinders further crystallization. However, the phase
separation process leads to regions with a higher content of component B, facilitating
the crystallization. Route (2) indicates the case, in which the phase separation induces
crystallization. A blend slightly above T,,(®4) phase separates in the unstable region.
As a result, local enrichments of component B occur. Due to the dependence of T, (P 4)
on the blend ratio, the 7,,(®4) line can be hit at the respective temperature inducing

crystallization. Route (4) describes the crystallization induced phase separation. A blend
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below T,,(®4) in the stable, homogeneous region starts to crystallize. Impurities, includ-
ing material from component A are rejected from the forming crystal. The local blend
ratio at the growth front is consequently varied towards component A. If the local blend

ratio shifts towards the unstable region, phase separation occurs.

2.2 Organic solar cells

The reason for the explanation of the morphology and crystallinity in the previous section
becomes clear when explaining the principles of organic solar cells. Solar cells are in
general devices that convert sun light into electrical energy. The main processes always
include absorption of light, generation of free charge carriers and the transport of these
charge carriers. The material in which these processes take place is the (photo-)active
material. The main difference compared to inorganic solar cells is, that the active material
in efficient organic solar cells consists of at least two components. The solar cells built
within the scope of this thesis consist of a polymer donor and a fullerene based acceptor.
In the following an overview on the basic principles involved in energy transfer as well as

the main loss mechanisms are presented.

2.2.1 Basic principles

Organic solar cells consist of a multilayer stack. [25] Figure 2.11a shows the principle
setup of an organic solar cell in standard geometry, where the top metal electrode serves
as a cathode. The important light absorbing and energy converting part, the active
layer, is sandwiched between the electrodes. In order to improve the efficiency, blocking
layers are inserted between the active layer and the electrode. The figure only depicts an
electron blocking layer between active layer and the transparent conductive oxide (TCO),
in this case indium doped tin oxide (ITO). Often, also a hole blocking layer is inserted
between the active layer and the metal electrode. The active layer used in thesis is a
blend of poly(3-hexyl-thiophene) (P3HT) as donor material and [6,6]-phenyl-Cg; butyric
acid methyl ester (PCBM) as acceptor material.

The process of converting a photon to charge carriers is depicted in figure 2.11b in an
energy level diagram. It shows the present energy levels of the donor and the acceptor
material as well as the electrodes without blocking layer. The process of photon conversion
to charge carriers is also depicted in figure 2.12 in the active layer profile. The steps (I)-
(V) in figure 2.11b correspond to figure 2.12a-e, respectively. When light enters the active
layer, it is absorbed by the polymer donor and an electron is excited from the HOMO to

the LUMO, which results in a bound electron-hole pair, a so-called exciton. The exciton
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Figure 2.11: Sketch of a solar cell and the physical principle. (a) Schematic setup of an

anode

organic solar cell in standard geometry. The active layer consists of a donor:acceptor blend.
Incoming light enters the solar cell from the bottom glass substrate to the active layer where
it gets absorbed. b) Energy level diagram of an organic solar cell without blocking layers. (1)
An incoming photon with energy hv > Eg,, is absorbed in the polymer, exciting an electron
from the HOMO to the LUMO leaving a hole behind and being bound as an exciton. (Il) The
exciton diffuses to the donor-acceptor interface. (lIl) It dissociates at the interface to free charge
carriers. The electron is transferred into the electron acceptor. (V) Transportation of the free
charge carriers to the respective electrodes. The electrons are conducted in the LUMO of the
acceptor and the holes in the HOMO of the donor-polymer. (V) The charges are extracted at

the respective electrodes.

has to diffuse to the donor-acceptor interface, in this case P3HT and PCBM. The LUMO
of the PCBM "accepts” the electron of the exciton and provides the energy to split the
binding. It is important to note, that an interface needs to be reachable within the lifetime
of an exciton, determining its diffusion length. A common approach to achieve this is a
so-called bulk-heterojunction (BHJ), depicted in the images. The intermixing of donor
and acceptor material provides a higher interfacial area compared to a simple bilayer. The
separated electron and hole are then transported to the electrodes via the LUMO of the
acceptor and the HOMO of the donor, respectively. The involved processes are described

in more detail in the following.
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Figure 2.12: Schematics of an active layer profile of an organic solar cell. Depicted in blue is the
electron accepting material PCBM, the electron donor material (red) is P3HT. The aluminum
cathode is depicted in gray and the anode in light blue. (a) An incoming photon with energy
hv > Egap is absorbed by the polymer, creating a bound electron-hole pair, an exciton. (b) The
exciton diffuses to a donor-acceptor interface where it (c) dissociates to free charge carriers. The
electron is transferred into the electron acceptor. (d) Transportation of the free charge carriers
to the respective electrodes. (e) The charges are extracted at the electrodes and recombine

through an external load.

Absorption

The first step in producing electrical current out of sunlight is absorption. The transmis-

sion or absorption of light in a thin film can be described by the Lambert-Beer law:
Ir(\) = Iy(N)expoMd (2.14)

with I and [, the intensity of the transmitted and incident light, respectively, « the
absorption coefficient and d the thickness of the material. The absorption process in
polymers is described in the following. An incident photon can excite an electron from
the HOMO to the LUMO leaving behind a hole. The absorption can only happen if the
energy of the incident photon is equal or larger than the band gap energy Eq, of the

polymer:

hc
Ephoton = hv = 7 > Egap = ELUMO - EHOMO (215)

with A being Planck’s constant, ¢ the speed of light, v the frequency and A the wave-
length of the photon. The absorption spectrum of a polymer depends mainly on the
type of monomer, degree of polymerization and its conformation. The spectrum exhibits
broadened peaks due to the vibronic excitations leading to a splitting in the energy levels.
Figure 2.13 shows the absorption process in an energy diagram showing two electronic
states along with the vibrational excitations. The incoming photon with energy hv is

absorbed and excites an electron from the ground state (n = 0, ¥ = 0) into an excited
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Figure 2.13: Diagram of the Franck-Condon
principle for light absorption in organic solar
cells. Two electronic states n =0 and n = 1
are shown as function of the nuclear distance

R. Additionally, the vibronic levels v are ex-
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one, here depicted as n = 1, v = 3. The excitation follows the Franck-Condon principle.
It assumes the electron transition to be faster than the nuclear motion, so that for the
time of excitation only the electrons are considered to move. The excited electron first
dissipates energy by transition to the lowest vibronic state (v = 0) within the excited
electronic state. Thereafter, it can relax back to the electronic ground state, but not
necessarily to the vibronic ground state, under emission of a photon with energy hv*.
The relaxation to the vibrational ground state is again non-radiative. The energy that is
transferred into vibrations is the difference of the energy of the emitted to the absorbed
photon (hv > hv*).

The absorption spectra of polymers show a fine structure, which originates from the
properties of the polymer. Excitations can occur within one molecule or from one molecule
to another one. [31] P3HT as semicrystalline polymer for example shows absorption lines
in addition to the 0-0 vibronic intrachain excitation. [33] The absorption lines in P3HT
originating from this intermolecular excitation can be calculated with the weakly coupled

H-aggregate model. [32] There, the relation between the absorption of the 0-0 and 0-1

w
Ao _moo (1 024F 2.16)
A0_1 No—1 1 -+ 0073% ’

transition is calculated with

with ng_g/no_1 ~ 0.97 as the ratio of the real part of the refractive indices, the phonon
energy E, = 0.18 eV and W the exciton band width for the sample system P3HT. [32]
The observed relation yields information about the ratio of non-aggregated (amorphous)
and aggregated (crystallized PSHT molecules). [32,72,73] Therefore, the difference of the
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Figure 2.14: lllustration of two types of ex-
citons via their size and thus energy. (a)
The weakly bound Wannier-Mott exciton ex- (”
pands over several atoms, whereas the (b)
strongly bound Frenckel exciton is located at (
one atomic position. The bright orange spheres -
depict the atoms of the material. { ) { ) ‘

measured spectrum and the one calculated from the weakly coupled H-aggregate model

is attributed to the absorption of the non-aggregated polymer chains. [73,74]
Upon excitation of the electron, a hole is left behind in the HOMO. Due to Coulom-

bic interactions, the electron is bound to the hole, whereby an exciton is created. The
generated electron-hole pair is stronger bound as compared to inorganic semiconductors.
This is due to the lower dielectric constant (e, ~ 3 —4) for organic materials as compared
to inorganic ones (¢, > 10) leading to higher Coulomb attraction (around 1 eV). [75]
Therefore, the thermal energy (around 25 meV) is not sufficient to dissociate the ex-
citon. [75] Excitons are generally classified via their binding energies, relating to their
sizes. Two types of them are depicted in figure 2.14. Weakly coupled excitons are called
Wannier-Mott excitons and have accordingly a large size over several atomic distances.
Frenckel excitons in contrast are strongly bound and thus very small in size, located at
one atom. [43] In organic materials, the Frenckel excitons are typically found due to the

low dielectric constants.

Exciton diffusion

An exciton is a bound quasi-particle and has no net charge. To contribute to charge
transportation, it has to be separated. As mentioned above, the thermal energy is not
sufficient to separate the exciton. To achieve this, it has to reach an interface of the hole-
and electron-conducting material. The transport of the exciton takes place via energy
transfer processes. The most important ones are the trivial transfer process (also photon
reabsorption) and the Forster transfer. In the photon reabsorption process the exciton

recombines under emission of a photon that gets reabsorbed by another molecule generat-
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ing a new exciton. The Forster transfer (or fluorescent resonance energy transfer, FRET)
is a non-radiative transfer from a donor to an acceptor via dipole-dipole coupling. [76,77]
While the Forster transfer is the dominant process for short distances, the photon reab-
sorption is dominant for larger distances. The movement of an exciton has no preferential
direction and can be understood as a random hopping process, described by a diffusion-
like propagation. An important factor for this transport is the diffusion length l;, as a

radius in three dimensions within which the exciton moves:
la=VZDt (2.17)

with the diffusion coefficient D and the lifetime of the exciton 7. Z is a parameter
describing the dimensionality d of the diffusion, Z = 2d. For polymers typically used in
organic solar cells, like P3HT, the lifetime is only in the order of nanoseconds, resulting in
a diffusion length of around 10 to 30 nm. [78,79] This limited diffusion length determines
the optimal morphology of a donor:acceptor blend. If the distance to an interface is too
large, the exciton will recombine without having the change to get separated. Thus, a

preferred morphology is the bulk heterojunction.

Exciton dissociation

Once the material interface is reached by the exciton, the properties of the acceptor
material influence the lifetime positively as the exciton is stabilized by the interface.
Furthermore the binding energy is affected. An exciton experiencing the field of the
acceptor material is called exciplex. Figure 2.15 depicts two possible ways to split an
exciplex. One of them is a simple charge transfer from the donor polymer to the LUMO of
the more electronegative material, the acceptor, figure 2.15a. The other way is a two step
process, figure 2.15b. First, a Forster transfer leads to a complete transfer of the exciplex
to the acceptor material. Subsequently, the hole is transferred back to the polymer. Both

processes need to happen on a fast timescale, before the charges can recombine.

a) b) E
Figure 2.15: Energy diagram depicting the

HOMO and LUMO energy levels of an acceptor
(blue) and donor (red) interface showing two
ways of charge transfer. (a) Direct transfer
of the electron to the acceptor material. (b)
Two step process, in which (1) the energy is
transferred to the acceptor via Forster transfer
followed by (2) a back-transfer of the hole to

the hole-conducting polymer.
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Charge carrier transport

Once the charge carriers are separated, they have to be transported to the respective elec-
trodes. The holes and electrons are transported in the donor and the acceptor material,
respectively. Due to the disorder of organic materials compared to inorganic semiconduc-
tors, the transport of the charges is generally characterized by the low mobilities, strong
polaronic effects and a hopping transport. The process of charge transport is described

in section 2.1.1.

Charge carrier extraction

When reaching the semiconductor interface, the charge carriers need to be extracted,
which strongly depends on the device architecture. Furthermore, the recombination rate
at the interface and therefore the charge carrier concentration is of importance. The
photocurrent can be calculated using a model after Sokel and Huges, indicating that the
photocurrent depends on the voltage across the device. [80] A mechanism influencing the
charge carrier extraction are surface recombinations and imbalanced hole and electron
mobilities. [79, 81]

2.2.2 Loss mechanisms

So far, the mechanisms describe the ideal way of exciton creation, charge carrier sepa-
ration, transport and extraction. Next to the choice of the donor and acceptor material
with suitable properties and matching work functions, further loss mechanisms have to be
considered. The minimization of these loss mechanisms are one of the biggest challenges
in the production of photovoltaic devices. The loss mechanisms according to figure 2.16

are:

[ Direct recombination of an exciton after photon absorption. This may happen if
the distance to the next donor-acceptor interface is larger than the exciton diffusion
length (equation 2.17). To prevent such a recombination, an optimization of the
active layer morphology is necessary in terms of distance to the donor/acceptor

interface.

IT: Recombination of dissociated charge carriers. Usually, defects, chain end groups and
side groups accumulate at the interface. These defects have a lower charge carrier
mobility and slow down the charge transport. Therefore, it provides the possibility
of recombination of already separated charge carriers. To avoid this recombination,

a high mobility is necessary.
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Figure 2.16: Sketch of possible loss mechanisms in
organic solar cells. (l) Exciton recombination, (Il)
recombination of dissociated charge carriers, (lII)
trapping of a charge carrier on an island, (1V) reach-

ing the wrong electrode of the respective charge car-

rier, (V) recombination of the charge carrier at the

(v)

regular electrode.

IIT: A charge carrier can also be trapped on a material island. If no connection to an
electrode is available, the charge carrier may recombine with a mobile charge carrier

in the other material. Closed percolation paths to the electrode are necessary.

IV: Possibly, the electron or hole conducting material is connected with the anode or
cathode, respectively. Then, a charge carrier can reach the wrong electrode and
would therefore not contribute to the power generation. A blocking layer can prevent

the contact of the wrong charge carrier to the electrodes.

V: A further loss mechanism is surface recombination, which may happen at the regular

electrode by recombination. [81]

For many of the described loss mechanisms, the morphology of the active layer is
crucial. There are competing restrictions on the morphology of the active layer and
the performance of solar cell devices is strongly linked tot the morphology. However,
controlling the morphology is a big challenge and is part of numerous research activities.
[82-84]

2.3 Slot-die coating

One of the major issues to be addressed in organic electronics in general and organic
photovoltaics specifically is the upscaling of production processes. One deposition method,
that enables the transfer from lab scale devices to large area roll-to-roll processed solar
cells is slot-die coating. It offers the possibility of sheet-to-sheet based coating which can

be transferred to roll-to-roll processes. The advantage is the pre-metered solution supply,
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Figure 2.17: Differentiation between coating processes. (a) In slot-die coating, the gap clear-
ance hgy is small and the solution forms a meniscus which fills the gap completely. (b) In extrusion
coating, hg is much larger and the liquid is deposited via a curtain. The die lips are not wetted.

The film is coated with a speed v with a coating width w and a wet thickness he;.

for which all of the provided solution is deposited on the substrate without losses. In the
following the basics of the coating process are introduced (section 2.3.1). Thereafter, the
most important printing parameters (section 2.3.2) and their influence on the deposited
films as well as typical defects (section 2.3.3) in the final films are discussed. More details

about slot-die coating and printing processes are found in literature. [13,14,16,49,50,85]

2.3.1 Basics

In slot-die coating processes, the solution is fed into the print head or coating die which
distributes it onto the substrate. Two processes are to be differentiated, slot-die and
extrusion coating. The principles of theses processes are depicted in figure 2.17. The
coating liquid is guided to the substrate through a coating die. It consists of a distribution
chamber and a feed slot, which provides a uniform liquid flow rate over the complete
coating width w. The solution is provided from a pump with a certain flow rate f. The
coating head consists of an upstream and a downstream die lip, which are separated by
the feed slot. The distance between the die lips and the substrate is the gap clearance h,,.
The film formation occurs in the coating bead, which is determined by the film forming
meniscus at the downstream lip and the wetting meniscus at the upstream lip. The formed

liquid bridge between the coating die and the substrate differs between the slot coating



2.3. Slot-die coating 29

process (figure 2.17a) and the extrusion coating operation (figure 2.17b). For the former
one, the gap clearance is only a few times the final wet film leading to the meniscus filling
the complete coating gap under the downstream lip and partially under the upstream lip.
For extrusion coating, the gap clearance is larger and the liquid deposited to the substrate
forms a liquid curtain. The following discussion focuses on slot-die coating as the main

depositing technique within this thesis.

The center part of a coating system is its die. A manifold of different designs are known
from publications, manufacturer brochures or patents. The internal as well as the external
design are important and are often adapted to the coated liquid and applications. While
the inner design ensures a uniform liquid flow rate over the complete coating width w, the
external design defines the pressure distribution in the coating gap and thus the deposition
quality. For the external design, the shape and the inclination of the die lips as well as
the positioning of the coating head are varied. A challenge is the manufacturing of a
coating die, as a high quality of surfaces and tolerances is necessary due to the narrow gap
clearance. Next to the design of the print head, additional devices are applied to influence
the pressure difference between upstream and downstream menisci. For stabilizing the
meniscus and increasing the coating speed a vacuum device is applied at the upstream
die lip or an over-pressure at the downstream meniscus. Latter one has to be designed

very carefully as the applied air flow can harm the surface uniformity of the coated film.

2.3.2 Printing parameters

Coating active layers for organic solar cells requires precise control over the resulting film
quality and thickness. Moreover, the film thickness cannot be chosen arbitrarily, but
in a window providing films free of defects, the so called coating window. Figure 2.18
schematically depicts the influence of processing parameters on variations of the coating
thickness. Several parameters are included in the coating window, like liquid properties,
operating conditions and die geometry. A stable coating process demands a proper choice
of parameters to balance the forces acting on the coating bead. Amongst these parameters

are the following: [49]

[: Fluid and material properties:

o the wetting behavior of the coated solution on the substrate determines the

contact angles to the substrate as well as to the coating die
 the rheological properties with the viscosity u
« the surface tension o of the coated solution
o the density 0

« substrate properties (dewetting, preparation, etc.)
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Figure 2.18: Schematic coating window for a slot-die printing process according to Durst and
Wagner. [49] Depending on the pressure difference between upstream and downstream lip and
printing speed, only a limited parameter space can be chosen to obtain a film, that is free of

defects.

IT: Geometric parameters:
« shape, dimensions, inclinations and position of die lips and feed slot
« shape of substrate and gap clearance

IIT: Operating parameters:
e print speed v

o wet film thickness A, determined by printing speed v, feed flow rate f and

coating width w
« external forces (gravity, external fields, etc.)

e gas pressure at upstream and downstream menisci

An important influence on the formation of the coating bead is given by the feed flow
rate f as exemplary depicted in figure 2.19 at constant printing speeds v. A low flow rate
yields an unstable liquid bridge and no complete film on the substrate (figure 2.19a) or
rivulets (figure 2.19b). For a stable film, the flow rate has to be increased. The coating
gap is filled below the downstream lip (figure 2.19¢). A further increase of the flow rate

leads to an increasing pressure at the feed slot and hence to a movement of the wetting
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/V

Figure 2.19: Qualitative variation of the coating bead with feed flow rate at constant printing

speed v. The flow rate increases from (a) to (f).

meniscus along the upstream lip (figures 2.19d and 2.19¢). The limit of stable coating is
reached after further increasing the flow rate. Then, the wetting meniscus swells until the

coating solution spills on the upstream substrate (figure 2.19f).

2.3.3 Defects

Next to the aforementioned instabilities, a number of additional defects may occur during
or after printing, which might be due to a parameter choice out of the coating window,
the pre-treatment of the substrate or the properties of the coated solution. [86] Figure

2.20 summarizes the most common defects in slot-die coated films.

Ribbing describes the formation of waves on the surface along the printing direction.

It occurs at too low pressure differences or too high capillary number C'a, which describes
a) b) c) d) e) f)
Figure 2.20: Schematic illustration of the most common printing defects. The observed defects
are (a) ribbing, (b) rivulets, (c) barring/cross-web ribbing, (d) fat edges, (e) crater, (f) spotting.
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the interaction of viscous forces due to the dynamic viscosity u versus the surface tension
o at a given printing speed v:
Ca=2"Y (2.18)
o
Rivulets are stripe like patterns in coating directions. It is either uncoated areas or
strong deviations of the coated material. A possible reason is a too low feed flow rate
f or too fast printing speed v. Another origin might be blocking of the feed slot due to
obstructing particles or dirt.

Barring/Cross-web ribbing are waves perpendicular to the printing direction. They
might occur at too low pressure differences between upstream and downstream lips or high
printing speeds.

Fat edges are the most common defects in slot-die coated films. Its origin lies in the
drying behavior, which starts at the edges of the film, where the surface and thus contact
to air is the highest. This leads to a concentration and surface tension gradient from the

center to the edges, which induces a mass flow of the liquid.

Crater describe local deviation of thickness. It results mainly from inhomogeneities of
the substrate or dirt particles. These yield to a gradient in surface tension which in turn

leads to a mass flow towards high surface tension.

Spotting are defects similar to craters due to external surface inhomogeneities. This

also includes local temperature deviations.

2.4 X-ray scattering

As explained in section 2.2, the inner morphology of organic active layers is of utmost im-
portance concerning the device performance. Generally, there are two materials involved,
the donor and the acceptor component. These two materials might phase separate upon
solidification. Moreover, the polymer used in this thesis, P3HT, is of semicrystalline
nature. The principle processes of crystallization and phase separation are described in
section 2.1. X-ray scattering is a powerful tool to investigate the morphology of the film
volume on different length scales with high statistical relevance. This section introduces
the basic principles of elastic X-ray scattering, meaning scattering events under a pure
momentum transfer without energy transfer. After the basic principles (section 2.4.1), the
applications in the main techniques used within this thesis are discussed, namely X-ray
reflectivity (XRR) in section 2.4.2 and X-ray scattering under grazing incidence in section
2.4.3.
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2.4.1 Basic principles

The main physical process of X-ray scattering is the interaction of an electromagnetic
wave with electrons in the sample under investigation. [51] An electromagnetic wave has

the electric field vector

E(7) = Ey - exp(ik;7). (2.19)
Here, |Eo! is the constant amplitude, kz the wave vector and 7 the position vector. The
wavenumber is k = \k:j] = 27 A~! with the wavelength A\. The Helmholtz equation describes

the electric field traveling through a medium with refractive index n(7): [51]

AE(7) + k*n*(7) - E(F) = 0. (2.20)
The refractive index is
n(r) =1—=9(7) + i6(7) (2.21)
with the dispersion §(7), which is always positive,
N2 o i+ fi(E)
O(F) = Z—rp(F) Y Lk 2.22
() = goren(®) X2 (222)
and the absorption
A2 N fU(E) A
=2, LA ) 2.2
B(7) = -rep(7) k; 7 = ) (2.23)

r. = e*(4mepc?)™t is the classical electron radius, also known as Thompson scattering
length of the electron. Z = 3", Z; is the total number of electrons with Z; the number of
electrons of component k. p(7) is the electron density as a function of space. Furthermore,

1(7) denotes the linear absorption. The atomic form factor is expressed as

fe=Ji + [(B) + [(B), (2.24)

where f depends on ¢ = k;_} — k?; with k_; and k‘} the wave vectors of the incident and
exiting wave. For small incident angles, fp ~ Z;. For homogeneous media and far away

from absorption edges, equation (2.21) can be simplified to

2

A A
n=1——rp+i—u, (2.25)
2m 47

which is independent of the position. r.p is called scattering length density (SLD). In the
case of X-rays, the dispersion ¢ is of the order of 10® and the absorption 3 one or two

orders of magnitude smaller. For that case, the critical angle o, can be expressed as

e ~ V26, (2.26)
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Figure 2.21: Definition of the notification for X-ray scattering. (a) Specular reflection within
the plane of the incident X-ray beam and (b) diffuse scattering out of the scattering plane. If_;g

and «; denote geometry for the transmitted beam.

In scattering experiments, the critical angle is of utmost importance. An anomalous
surface scattering from thin films probed with grazing incident X-ray scattering was first
observed by Yoneda. [87] He saw an intensity peak appearing at the critical angle, which
is due to enhanced scattering intensities of the respective material corresponding to that
specific critical angle. This phenomenon allows for investigations of material specific

characteristics in blends of different materials.

For analysis and discussion, the basic geometry and the respective notification of angles
and directions is important. Figure 2.21 schematically depicts two cases of scattering, the
specular and the diffuse scattering. The incident X-ray beam k_; impinges the sample
under a shallow angle «;, which is - for X-rays - measured towards the sample surface.
The exiting beam k} is reflected under an angle oy in vertical direction. For specular
reflection, a; = oy and the beam stays in the zz-plane, referred to as the scattering

plane. In the case of diffuse scattering, k:_} also possesses an angle ¥ in the zy-plane.

2.4.2 X-ray reflectivity

X-ray reflectivity (XRR) probes the vertical film composition using the specular reflection.
In that geometry, the out-of-plane angle ¥; = 0 and thus the scattering vector ¢'is normal

to the surface and consists only of the ¢, component:

4
¢ = 771-32.”(0%)- (2.27)

The incident beam is reflected within the film at any interface of changing refractive

indices. Snell’s law defines the angle a; of the transmitted beam, while its amplitudes
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Figure 2.22: Influence of surface roughness on XRR data. (a) Simulated X-ray reflectivity data
for a 50 nm thick PS film on a silicon substrate with different roughness 0,5 . The vertical
dashed lines show the critical angles for PS and Si. (b) The corresponding SLD profiles of the
PS sandwiched between the Si substrate and air. The surface roughness leads to the Gaussian
broadening.

are described by the Fresnel reflection rz and transmission coefficient tz. With that, the

reflectivity and transmission are defined by Rr = |rp|? and Tr = |tp|?.

Analyzing the inner film structure is done by theoretically slicing the film in £ layers,
cach with a reflective index ny, a thickness d, and a roughness 0,5 The layer is
sandwiched between an infinite substrate and an air interface. For each layer, the ratio
of reflection and transmission is calculated. The reflectivity of the layer stack neglecting
the interface roughnesses is then calculated using Abeles Matrix formalism or Parratts

recursion formula. [88-90]

The interface between neighboring layers is defined by the root mean square roughness
Orms,k, defined by:

Orms = | ~— > Az} (2.28)

with the number of sampling points N, along the interface Az, as the deviation of the
mean interface at the sampling point k. The reflectivity is corrected for the roughness by
applying an exponential function to the Fresnel coefficient assuming Gaussian distributed
heights. [91] In case of the roughness being comparable to the film thickness, the interface

is approximated by several sub-layers. [92]

Figure 2.22a shows a calculated reflectivity curve of a 50 nm thick polystyrene (PS)
film on a silicon (Si) substrate as comparison without and with surface roughness of 2 nm.

The data are normalized such that for total reflection (o < a.) the intensity is 1. At the
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critical angle of PS, a dip and at the critical angle of silicon a steep decrease is observed.
The intensity decreases with ¢=* and additionally with the roughness. The oscillations

in the scattering pattern are called Kiessig-fringes and are related to the film thickness d

by [93]
21

Ag.
with the periodicity Ag,. An increasing roughness dampens the oscillations. From the
data, the SLD profile in dependence on the film depth is extracted (figure 2.22b). The

SLD profile shows the change on the film surface upon variations of film roughness.

d ~ (2.29)

2.4.3 Grazing incidence X-ray scattering

A limitation when probing the inner structure of thin films in transmission is the film
volume. To compensate for that, a very shallow angle below 1 ° is chosen for hard X-rays,
and the sample is investigated in reflection geometry. The small angle results in a large
footprint of the beam on the sample. The basic geometry and definitions are introduced
in figure 2.21b. Grazing incidence X-ray scattering (GIXS) uses a fixed incident angle «;
and the diffuse scattering signal is recorded using a two-dimensional (2D) detector. For a
given sample-detector distance (SDD), every pixel of the detector is assigned to a certain
vertical ay and horizontal W exit angle. The angles can be transformed to the scattering
vector ¢ by
cos(¥y) cos(ay) — cos(ay)
qg=— sin(W ) cos(ay) . (2.30)
sin(a;) + sin(ay)
Two cases of GIXS are discussed in more detail, grazing incidence wide angle X-ray
scattering (GIWAXS) and grazing incidence small angle X-ray scattering (GISAXS). The
former one is also known as grazing incidence X-ray diffraction (GIXD) but with an area
detector. The main difference between both techniques are the different SDD and thus
the accessible scattering angles and g-range, respectively. A more detailed discussion on
X-ray scattering is found in literature. [34,51,52,94-98]

GIWAXS

A method to investigate the crystalline structure of a sample is X-ray diffraction (XRD).
It uses a monochromatic X-ray beam, that is scattered at different lattice planes (hkl)
within the sample under investigation. For thin films the diffraction is often performed
under grazing incidence due to the aforementioned advantages. The method is then

called grazing incidence wide angle X-ray scattering (GIWAXS) and is discussed in the
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following. Figure 2.23a shows the diffraction of parallel X-rays with the lattice planes. The
X-rays scatter at different lattice planes, which have a distance of djy;, and thus lead to a
difference in the beam path length of As. The scattered X-rays interfere constructively or
destructively depending on the incident angle 6. For constructive interference, the Bragg
condition,

has to be fulfilled. This can be expanded to the Laue condition in three dimensions, which
states, that constructive interference only happens, if the difference between incoming
and scattered wave vector is equal to a reciprocal lattice vector (¢ = k;c - k? = é) For
visualization, the Ewald sphere is used as depicted in figure 2.23b. For elastic scattering
events as discussed here, the momentum is conserved and |k;| = |k_}| The Ewald sphere
has a radius |k_;| and thus, scatted points on the shell conserve the momentum. Diffraction
patterns are observed, if a reciprocal lattice point touches the sphere. Looking at the
Ewald construction (figure 2.23b) an important point concerning GIWAXS pattern is
evident. 2D area detectors access only one specific surface of a sphere in reciprocal
space. For a given incident wave vector k?;, the scattered wave vector k:_} does not solely
contain a k,-component without contributions of k, or k,. The scattering in the specular
plane (k, = 0) is always a combination of k, and k,. This leads to the inaccessible
range in vertical direction for GIWAXS as depicted in figure 2.24b. Additionally to the

b) o
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Figure 2.23: (a) lllustration of the Bragg condition. The horizontal lines represent the lattice
planes separated by dpy;. X-rays are depicted by the arrow that impinge the lattice planes under
an angle ©. Constructive interference occurs if the path difference As is an integer multiple of
the wavelength. (b) Ewald construction: Constructive interference occurs for the intersections
of the reciprocal lattice (dots) with the sphere around x with radius |]5;\ k; and k—} represent
the wave vectors of incident and scattered X-rays.
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d

Figure 2.24: 2D GIWAXS scattering pattern. (a) Scattering intensity map as recorded. The

vertical bars are due the intersection of detector modules. (b) Same pattern after application of
corrections and recalculation to ¢, and ¢, = /¢2 + ¢2. Signals at higher g, without contributions
of ¢, i.e. the momentum transfer with ¢, = 0 are not accessible leading to the wedge.

constructive interference of scattering peaks from ordered layers, signals from amorphous
parts of the polymer can be seen which are due to typical atom-to-atom distances within
the polymer. [99,100]

Further corrections that are applied before reducing and analyzing the data are nec-
essary: X-rays that are scattered under different angles and thus have a difference in
pathway between scattering center and the detector area. Additionally, the photons hit-
ting the detector pixels under different angles are counted with different probabilities.
This is taken into account by efficiency corrections. The variation in pixel sensitivity
between the pixels is included in a flat field correction. The typical linear polarization
of synchrotron radiation needs to be considered with polarization corrections. A further
correction is of geometrical origin. Due to the flat detector and since all the pixels are
of same size, they cover different solid angles. Figure 2.24b shows a scattering pattern
after application of all the mentioned corrections and recalculation to momentum space.
Details about the applied corrections and the effect on the scattering patterns can be
found in literature. [94-96]

Scherrer equation From the diffraction peaks, information about the molecular arrange-

ment can be extracted. The amplitude relates to the amount of crystals and the position

to the average distance of scattering planes. The Scherrer equation relates the full width

at half-maximum (FWHM) A(20,k) of a diffraction from the lattice planes (hkl) at the

diffraction angle 26, to a lower limit of the crystallite size Dyy:
K\

A(20h1) - cos(On)’

Dt = (2.32)
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where )\ is the wavelength and K the Scherrer constant, which is most often cited to have

a value of around 0.9 as derived from the original publication: [97]

K=2. (2”(2)> ~ 0,93 (2.33)

™

Transferring the formula to a representation in reciprocal space, we get

A Ar | 2001 + A(2ghkl) ' 201 — A(2ghkl)
qnhkl = 7 sin 5 — simn 5 ,

which can be rewritten using the trigonometric identities for the sum and differences to

A(20)
4hkl ) .

47 .
Agni = TQCos(thl)sm <

As the FWHM is rather small, we can make use of the approximation sin(6) ~ 0, insert
into equation (2.32) and obtain the Scherrer equation for the reciprocal space:
2K

Aqnir

The crystallite size calculated by the Scherrer equation is calculated without corrections

hkl = (2.34)

for the peak broadening due to instrumental settings or paracrystalline disorder. It is
therefore not the absolute value but a good estimation of the lower limit of the crystal

size and in this work used for comparison of the structures or following its evolution.

GISAXS

The size of different domains is important for efficient solar cells. This phase separation
usually happens at larger length scales compared to the ones observed in crystallinity
investigations. Larger length scales in real space means smaller ones in the reciprocal
space. Hence, the scattering signals at small angles is investigated by grazing incidence
small angle X-ray scattering (GISAXS). It offers the possibility to investigate the film
structure in both, the vertical and horizontal direction. Lateral structures contribute to
diffuse scattering. Furthermore, reflections at the sample and the substrate occur. An
approach to account for that is the distorted wave Born approximation (DWBA) as first-
order perturbation of an ideal system. Figure 2.25 represents the cases, DWBA combines
in its approximation. The exiting wave is a combination of directly scattered and the
additionally reflected waves. Several analysis programs offer the possibility to simulate
complete 2D scattering patterns in the framework of DWBA. [101-104] Another approach
to analyze the lateral structures is to investigate the horizontal line cuts at the Yoneda
position. The advantage is the reduced need of computing power. For that purpose the
effective interface approximation is applied in which only lateral correlations in the film

are considered, meaning ¢, is considered as a constant. [105]
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Figure 2.25: lllustration of the contributions of the DWBA. The incoming beam is scattered

(a) directly to the outgoing wave or (b) before being reflected. Else, the incident wave is first
reflected before scattering (c) directly to the outgoing wave or (d) followed by another reflection.

In the framework of the DWBA, all four events are superimposed.

The differential cross section for diffuse scattering is given by

do Ar? D 12 e 19

aqlairs =~ (L= 0 LTy Faigs (@) o Paigs (9) (2.35)
with the illuminated area A, the Fresnel transmission coefficients T; ¢ for the incident
and outgoing beam and Py;rs(¢) the diffuse scattering factor as a direct measure for the

scattered intensity. [106]

For modeling the horizontal intensity profiles, /N identical objects of a certain size and
spatial distribution are assumed. The size is described by a from factor F(¢), which is
the Fourier transform of its electron density distribution. The spatial arrangement is
defined by an interference function, the structure factor S(¢). [107] With that the diffuse

scattering factor is characterized by:

The above mentioned contributions of the DWBA are contained in F'(g), which is most
commonly assumed to be cylindrical to account for the rotational symmetry of the sys-
tem. The corresponding structure factor S(q) is usually a one-dimensional paracrystalline
lattice. There, the objects are arranged periodically with an increasing deviation of the
exact positions with increasing distance from the lattice’s origin. This induces a short-
range order. The lattice is independent of the orientation of the system and thus invariant
towards rotation. [108] Several form factors and their independent spatial distribution are
assumed to act in the local monodisperse approximation (LMA). This approximation con-
siders each object to only scatter with objects of the same origin but not with the ones
from other form and structure factors. Therefore, the final intensity is considered to be

the sum of the intensity of each contributing form and structure factor. [109]



3 Characterization methods

This thesis aims to correlate structural properties of printed organic thin films with their
photovoltaic performance and spectroscopic behavior. For that purpose, a number of
characterization methods are necessary to access information about the organic films.
This chapter introduces the applied methods on the spectroscopic and electronic level
(section 3.1) as well as on the structural level (section 3.2). The used instruments, basic

setups and working principles as well as the respective data analysis are described.

3.1 Spectroscopic and electronic characterization

Spectroscopic and electronic characterization techniques determine the functionality and
properties of the organic thin films under investigation. In particular, UV /Vis spec-
troscopy (section 3.1.1) reveals information about the absorption behavior, and the elec-
trophoretic mobility (section 3.1.2) allows for measuring the zeta potential of a polymer
in solution. Information about the electronic properties and photovoltaic performance is

obtained via mobility (section 3.1.3) and current-voltage (section 3.1.4) measurements.

3.1.1 UV/Vis spectroscopy

One of the most important prerequisites for transferring photon energy into electrical
energy is the ability to absorb light as described in section 2.2. To characterize the thin
film properties, the samples are probed in visible and ultra violet range using spectrom-
eters. For this purpose, two instruments are used. For fast recording during in situ
measurements, the sample is illuminated using white light, which is provided through
an optical fiber and the transmitted signal is transferred to a spectrometer with another
optical fiber. The data are then analyzed wavelength resolved as schematically depicted
in figure 3.1a. The used instrument is a custom Nanocalc-XR-NIR and is purchased from
Ocean Optics with the software OceanView. The second instrument is the Lambda 650S
from PerkinElmer that enables to measure the transmitted or reflected light with an in-
tegrating sphere (Spectralon R highly reflective 150 mm spherical chamber) taking the
scattered light into account. Figure 3.1b depicts the optical path of the instrument. The
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Figure 3.1: a) lllustration of the in situ transmission setup for fast recording of transmission
spectra. b) Optical path for the static sample setup. A deuterium (DL) and a halogen (HL) lamp
provide the light and are switched by the mirror M1. A filter wheel (FW) and a slit (S1) filter and
refine the spectral width of the light which is then guided by mirror M2 to the monochromator
(MC). After passing a second slit (S2), the monochromatic light is split into two paths guided
via a mirror (M3 or M4) through the reference (R) or the sample (S) and a focusing lens (L1 or
L2) to the respective detectors (D1 or D2).

combination of a deuterium (DL) and a halogen (HL) lamp provides a wavelength range
of 190 nm < A < 900 nm by switching the light source at around 320 nm using the mirror
M1. A filter wheel (FW) filters and collimates the spectrum before the slit (S1), which is
set to 2 nm, focuses the beam. Another mirror (M2) deflects the light on a monochroma-
tor (MC) which determines the desired wavelength before passing another focusing slit
(S2). The monochromatic light is split into two paths and respective mirrors (M3 and
M4) guide the light through a reference (R) and the sample (S) before a focusing lens (L1
and L2) focus the light on the respective detectors (D1 and D2), which are located inside
the integrating sphere.

For the static measurements, the intensity is measured for transmitted and reflected
light. The absorbed intensity can be calculated by correcting the transmitted intensity
with the reflected intensity. For the in situ measurements, the reflection could not be
taken into account. Using the obtained intensity spectra, the absorbance A()\) can be

calculated using Lambert-Beer’s law (equation 2.14):

I7(\)
Ip(N)

A(N) = —logio ( ) = log10lo(N\) — logiolr(N) = a(N)d - logipe (3.1)
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with the wavelength A, the (reflection corrected) transmitted intensity Ir, the initial
intensity Iy, the wavelength dependent absorption coefficient a/(\) and the thickness of

the sample d.

The absorption coefficient a(\) is an important material property, and can be calculated
with the known absorbance A(\) and the exact thickness d of the layer:

AR

A) = —7—"—. 3.2
W) = T ogme (3.2)
As only photons with a wavelength A exceeding the excitation energy E of the absorbing

material are absorbed, the relation
h-c

A
with the Planck constant h, the speed of light ¢, can be used to determine the band gap of

E = (3.3)

the probed material. [110] The optical band gap energy E,q, is related to the absorption

coefficient o via the Tauc equation
(aE)" = B(E — Eyqp) (3.4)

with the constant B for different transitions and the energy E from equation 3.3. The
exponent n = 1/2 for allowed indirect transitions and n = 2 for allowed direct transitions.
In order to obtain the optical band gap Ey,p,, («F)™ is plotted against the photon energy
E and linearly extrapolated to obtain E,,, via equation 3.4. [111]

Further to the absorption behavior and the optical band gap of the material, information
about the inter- and intramolecular ordering of the polymer can be obtained for P3HT in

the frame of the weakly coupled H-aggregate model as described in section 2.2.

3.1.2 Electrophoretic light scattering

Depending on the interaction of a material in a surrounding solvent, the material might
exhibit an electrophoretic mobility within the solution. Most commonly, this happens for
surface charged particles that develop a zeta potential. The electrophoretic mobility p.
of the material in solution is measured by its movement upon applying an electric field.
Besides optical measurements using a microscope and a scale, acoustic or optical laser
methods using the Doppler shift of moving particles are used. For the measurements
within this thesis, a Zetasizer Nano ZS from Malvern instruments is used. The basic

working principle is shown in figure 3.2.

A laser light with a certain frequency is split into two paths. One path serves as
reference, while the other one is directed into the sample cell. This cell contains the

particles or polymer within the respective solution. Depending on the interaction of the
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Figure 3.2: Schematic working principle of the electrophoretic mobility measurement setup. A
laser light is split into a reference and the sample probing path. In the sample cell, the dissolved
material under investigation is exposed to a varying electric field. The frequency of the laser
light deflected in a certain direction is Doppler shifted depending on the speed of the particles
in the sample cell upon the electric field. Both light paths are coupled after the sample and
detected by a photo diode. Analyzing the correlations the obtained intensity spectra is then

related to the mobility.

particles with the surrounding ions, a different strength of the zeta potential is developed.
This zeta potential results in a movement of the particles upon an electric field inside the
sample cell. By illuminating the sample with the laser light, the beam is scattered by the
particle. Furthermore, the frequency of the laser light shifts depending on the speed and
direction of the particle movement due to the Doppler effect. By combining the reference
beam and the frequency shifted sample beam and knowing the applied electrical field,
a characteristic superposition is obtained yielding the electrophoretic mobility u. of the

particles in the respective solvent:
v

l’l/e = E
with the particle velocity v under the applied electrical field E. The zeta potential ( can

(3.5)

be calculated from the mobility p. by Henry’s equation:

3 He7
S o 3.6
¢ 2 e f(ka) (3.6)
with the viscosity n of the solvent, the sample’s dielectric constant ¢ and the Henry
function f(ka), which is commonly set to 1.5 in the Smoluchowski approximation for a

thin double layer and 1 in the Hiickel approximation for a thick double layer. [112]
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3.1.3 Metal-insulator-semiconductor - charge extraction by linearly

increasing voltage

For effectively working semiconductors, a high mobility of the charge carriers is necessary.
To determine the mobility, a technique called metal-insulator-semiconductor - charge
extraction by linearly increasing voltage (MIS-CELIV) is used. [113,114] MIS-CELIV
offers the possibility to selectively measure the hole or electron mobility in active layers
applied in organic solar cells with thicknesses in the order of 100 nm. Depending on the
location of the insulating layer (below top electrode or above bottom electrode) the hole
or the electron mobility is measured. In figure 3.3 a hole mobility measurement setup is

depicted.

Initially, an offset voltage is applied and the respective charge carriers gather in the
semiconductor at the insulator interface. Afterwards, a linearly increasing voltage is
applied which lowers the electric field and allows the charge carriers to move away from
the insulator interface. The charge carriers need a certain time (transit time) to travel
through the semiconductor. The time 0 is the start of the current increase. It passes the
displacement current j, and increases further. The displacement current is a product of

the device capacitance and the slope of the applied voltage. The device is again depleted,

metal wave generator

-y
=0,

insulator
semiconductor
oscilloscope
substrate R

Figure 3.3: Schematic of a hole mobility measuring setup using MIS-CELIV. An insulating layer
is inserted below the top electrode. By applying a voltage with a certain offset, the holes are
assembled underneath the insulator layer and can not recombine with the electrons in the top
electrode. Linearly increasing the voltage yields to a flow of the holes through the resistor which
is recorded by the oscilloscope. With the semiconductor layer thickness and the time for the

current to flow, the mobility of the respective charge carriers can be calculated.
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when the current density reaches the displacement current density j, after passing a
maximum. The mobility u is calculated by

2. 2
(A1) - (14 =)

with the semiconductor thickness d;, the voltage slope A = dU/dt, the insulator thickness

o= (3.7)

d; and the dielectric constant of the semiconductor €, and the insulator ¢;. The transit
time t;, is obtained from the time at which the current density j is twice the displacement

current jo via:

4
ty = toj, - — (3.8)
The mobility is measured for a number of offset voltages and averaged. For the analysis
a self written python code is used. Details about the measurement and the procedure are
found in the Bachelor’s thesis of Salma Mansi. [115]

3.1.4 Current-voltage characterization

The most important specification of a solar cell is its current-voltage characteristics (I-V
curves). For standard test conditions, a solar simulator (LOT0108, LOT-QuantumDesign
GmbH) with electronic shutter is used to simulate the air mass 1.5 global (AM1.5G)
solar irradiance. In figure 3.4 the AM1.5G solar spectrum as well as the spectrum of the
used solar simulator is shown. The characteristic dips in the solar spectrum are due to
the absorption in the earth’s atmosphere. The solar simulator is set to an irradiance of
100 mW cm with a calibrated standard solar cell (ReRa Solutions BV).
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Figure 3.5: Typical current-voltage character-

al ' ' 13 istic of a solar cell. The black open circles
og {2
o

show the |-V characteristic of a solar cell in

dark conditions (upper curve) and under simu-
lated AM1.5G illumination (lower curve). The

power-voltage curve is shown in blue and has

j [mA cm~—2]

its maximum absolute value at the maximum

power point MPP. The open circuit voltage U,

and the short circuit current density jg. are in-
dicated. The fill factor is calculated with the
U V] indicated rectangles at MPP and jg. - Uyc.

For measuring the I-V curves, a Keithley 2400 source meter is used and controlled by a
self developed LabView program. The curves are recorded by sweeping the voltage from
-1 V to 1 V in steps of 0.01 V, which can be varied, with a standard delay of 1 ms.
Figure 3.5 depicts a typical I-V curve in dark and illuminated condition. The current is
normalized to the pixel size, which is confined using a mask during illumination. The
mask size is typically 0.1 cm? for small standard solar cells, for the printed solar cells it
varies up to 0.6 cm?. From the recorded I-V curves under illumination, the typical solar
cell parameters are extracted, including the open circuit voltage U,. at j = 0, the short
circuit current density js. for U = 0 and the maximum power point M PP, where the
power density P = j - U is maximum. The fill factor F'F' of a solar cell is defined as the
ratio of the power at the MPP and the maximum power possible as the product of j,.

and U,. depicted as rectangles in figure 3.5:

o Umpp - jupp Pras

Fr = = ) 3.9
Uoc : jsc Uoc : jsc ( )

An ideal solar cell should therefore highlight an almost rectangular curve, which would
result in a fill factor of close 100%. For that purpose, the serial resistance of a solar
cell determined from the slope at j,. should be as low as possible. The shunt resistance,
however, should be as high as possible. It indicates leakage of charges and is determined
from the slope at U,.. All the parameters together result in the efficiency 7 of the solar
cell. It is defined as the ratio of the extracted power P,,; to the incident power P;, from
illumination: P Ui FF
out oc " Jsc
n= B = P (3.10)

with the incident power set to P, = 100 mW cm™.
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3.2 Structural characterization

For information about the structure-function relationship, next to the electronic proper-
ties, characterizing the morphology is necessary. The structural investigation methods
can be divided into real space and reciprocal space techniques. The used real space tech-
niques optical microscopy (OM, section 3.2.1), atomic force microscopy (AFM, section
3.2.2) and profilometry (section 3.2.3) image the surface directly on different length scales
without the need of further transformations. Vis-NIR reflectometry (section 3.2.4) yields
information about film thickness and optical film properties like refractive indices in verti-
cal direction. The reciprocal space scattering techniques reveal information in momentum
space which has to be converted to obtain information about the film structure. The used
techniques like X-ray reflectivity (section 3.2.5) and grazing incidence X-ray scattering

techniques (section 3.2.6) are introduced along with the basics in data analysis.

3.2.1 Optical microscopy

To investigate the homogeneity and film surface structure on a micrometer scale as well as
to determine the active area of a solar cell pixel, optical microscopy (OM) is used (figure
3.6).

Using visible light the achievable resolution R is limited according to the Rayleigh

criterion,
1.22-A

2.NA’
where N A is the objective’s numerical aperture and A the used wavelength.

R (3.11)

The optical microscope used within the scope of this thesis is a DM2700 from Leica
combined with a charged coupled device (CCD) camera (Leica MC170HD). Using a high
precision grid, the pixel size for each objective is obtained and listed in table 3.1 along

with the resolution calculated from equation 3.11 for a wavelength of 700 nm.

The recorded images are processed using the software ImagelJ. [116]

Figure 3.6: Exemplary optical micrograph of a solar cell pixel. The active organic
bright area is the active solar cell pixel determined by the evapo- pixel layer
rated aluminum contact and the lower line which shows the edge, arsd

at which the ITO is etched. The dark area is the organic active

layer.
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Table 3.1: Characteristics of different objectives of the optical microscope DM2700 from Leica

used for this thesis.

magnification NA resolution [pm| pixel size [pm)]
1.25x 0.04 10.7 11.7 £ 0.1
5)'¢ 0.12 3.6 29 +£0.1
10x 0.25 1.7 1.5£0.1
20x 0.40 1.1 0.7+ 0.1
a0x 0.50 0.9 0.3 £0.1
100x 0.85 0.5 02+£0.1

3.2.2 Atomic force microscopy

With an atomic force microscope (AFM) the surface of a film can be probed with a
higher resolution compared to an optical microscope. A principal setup of an atomic
force microscope is depicted in figure 3.7. The used AFM is the Nanosurf FlexAFM with

segmented l

photodiode detector

an Isostage from Nanosurf AG.

and
feedback
electronics

piezo controlled
scan unit

data
processing

z
X
sample stage v

Figure 3.7: Schematic of an atomic force microscopy setup. The tip is mounted on an oscillating

cantilever and probes the sample surface while it is moved with a piezo controlled scan unit.
The deflection of the cantilever is detected with the reflection of a laser beam, that is monitored

with a segmented photodiode.
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When the tip mounted on the cantilever approaches the sample surface, the interactions
between tip and surface result in a deflection of the cantilever. A laser is focused on the top
of the cantilever and reflected to a segmented photodiode. Deflections of the cantilever
result in a shift of the reflected laser beam which is detected by the photodiode and
corrected via the feedback electronics.

Different modes for the AFM are available, which can be divided into contact and
non-contact modes. For the contact mode, the tip touches the sample and the deflection
force of the cantilever is measured. The sample is then scanned at a constant, pre-set
deflection force and accordingly adjusted by the feedback electronics. Measuring the
lateral force on the tip gives insight into the friction forces on the sample surface and can
be used to differentiate the materials. In case of the non-contact (or tapping) mode, a
piezoelectric drive excites the cantilever with a frequency w. Interactions with the sample
in close vicinity result in deviations from the frequency, amplitude and phase. With
the feedback electronics, the distance is kept constant. The software records both, the
sample topography as well as the phase, which reveals information about the material

composition.
As tips, ContAl-G are used for the lateral force mode and Tapl19Al-G for the tapping

mode. The images can be processed using the software Gwyddion v2.43 to post treat and

analyze the data.

3.2.3 Profilometry

Profilometry is an efficient method to obtain the thickness of a polymer film. For that
purpose, the film is scratched before placing it under the stylus. The stylus scans per-
pendicular over the scratch and from the resulting height profile, the film thickness is

obtained. Figure 3.8 shows the stylus while probing the sample surface over a scratch.

The sample is placed on a movable stage and the stylus (a diamond tip) approaches the
sample surface. During the scan, the sample stage moves in one direction. A constant
force of the tip results in a height profile of the sample. In this thesis, a DektakXT by

Bruker Nano Surfaces Division is used. The diamond tip has a radius of 2 pm and presses

Figure 3.8: Micrograph of the profilometer while recording an im-

scratch

age. The stylus (left) is mirrored (right) on the sample surface.
The red cross shows where the stylus is located during the mea-
surement. The dark line is a scratch, required to determine the

film thickness.
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on the sample surface with a corresponding weight of 1 mg. For thickness measurements,
the height is averaged over at least 3 spots per scratch and several scratches on different
positions on the sample. As the tip slightly penetrates into the soft polymer film, the
measurements provide only a rough estimation of the thickness. The data analysis is

performed using Vision64 which is included in the profilometer system.

3.2.4 Vis-NIR reflectometry

Reflectometry with visible (Vis) and near infrared (NIR) light, also known as white light
reflectometry, is used to track the film thickness of thin films. It is especially suited for
measuring the changes in film thickness during processing of the thin films. In figure 3.9

a schematic of the Vis-NIR reflectometry system is depicted.
The principle of Vis-NIR reflectometry is based on interfering light from different depth

and interfaces in the probed thin film. The incoming light penetrates into the film and
is partially reflected at the interfaces inside the film. In case of absorbing materials, not
the complete spectrum of the incident light can be used. However, the NIR part of the
spectrum is not absorbed for most of the utilized polymers and can therefore be used for

characterizing the sample. The reflected waves interfere in a constructive or destructive

light source .
incident light optical
spectrometer
reflected light
data
processing

assembly

Figure 3.9: Schematic setup of a reflectometer. The light is guided to the sample via optical
fibers and focused on the sample using a lens assembly. The reflected light is caught by another
optical fiber located in the middle of the light guiding fibers. The reflected light is then guided

to a spectrometer and processed by the software.
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way depending on their respective optical paths. It is dependent on the film thickness d,
the index of refraction n(\) and the extinction coefficient k(\). The interference pattern

is analyzed by fitting with a suited model.

The measurements in this thesis are performed with a F20-UVX thin-film analyzer
(Filmetrics Inc.) and a custom Nanocalc-XR-NIR from Ocean Optics. The wavelength
range is 220 nm - 1700 nm. Both provide an internal fitting software. Additionally, the

software Scout is used for an exact spectrum analysis and fitting.

3.2.5 X-ray reflectivity

The vertical film composition can be probed by X-ray reflectivity (XRR), which allows
to determine the film thickness and roughness, too. It is suitable for finding enrichment
layers in thin organic films. XRR measurements are performed with a Bruker Advance

D8 Reflectometer with a copper anode. The schematic setup is shown in figure 3.10.

A copper anode provides the X-ray spectrum of Cu-K,, (A = 1.541 A). The monochro-
matic light is obtained by a Gobel mirror that is located directly after the source. The
beam is collimated by a slit system in front of the sample. The X-ray source has an angle
to the sample, which is varied during the scan. After scattering at the sample and passing
further slits, the beam intensity is detected by a point detector as a function of . The
angle between the incoming beam and the point detector is kept constant at 26 during
the scan. The scan range is typically in the range of 0.01° to around 6°. A knife-edge
directly above the sample is narrowed to the surface to a very close distance to cut off

a part of the beam at low angles to avoid over-illumination. By using the knife edge, a

Figure 3.10: a) Schematic setup of X-ray reflectometry. X-rays are generated by a Cu-anode,

monochromatized by a Gobel mirror in the X-ray source and collimated by slits. The X-rays
impinge the sample under an angle 6 and are reflected with an angle of 20 with respect to
the incoming beam. After passing further optics, the beam intensity is detected. A knife edge
restricts the footprint of the X-ray beam. Both, the X-ray source and the detector are moved
around the sample always keeping the 6/20-configuration. b) The X-ray beam is reflected at each

layer interface and an interference pattern occurs due to constructive or destructive interference.
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high angular resolution can be achieved without loosing beam intensity for higher angles,
which would be the case if smaller exit slits would be used instead. The intensity over
the complete angular range varies by around six orders of magnitude. Therefore, the scan
range is split up into different overlapping regions with adjusted counting times ranging
from a few seconds at low 6 up to 100 s at high . The different measurement regions
are merged to a complete reflectivity curve using the software Diffrac. EVA. The scatter-
ing length density (SLD) profiles of the films are modeled and fitted to the experimental
XRR data to receive information about vertical film composition. For that purpose the
MOTOFIT software package from Nelson, that makes use of Abeles Matrix formalism or

Parratts recursion formula is used. [88-90]

3.2.6 Grazing incidence X-ray scattering

Grazing incidence X-ray scattering (GIXS) is the method of choice to obtain information
about crystallinity, crystal orientation and inner morphology of thin organic films. The
basic theoretical background is given in section 2.4. The principal setup of a GIXS

experiment is schematically depicted in figure 3.11.

X-rays highlight the potential to probe the inner film morphology without destruction.
For thin films, the scattering volume in transmission is small and the resulting scattering
signal would be extremely low. The samples are therefore measured in reflection geometry
with X-rays impinging the sample under a very shallow angle. Therefore, the footprint of
the beam and thus the probed volume is very large and an average information about a

large film volume is obtained.

The accessible length scales are determined by the size of the 2D-detector and its
sample-detector distance (SDD). For short SDDs of about 10-30 cm, wide angles can be
detected, which correspond to small distances up to a few nanometers. The corresponding
technique is called grazing incidence wide angle X-ray scattering (GIWAXS). It yields
information about the molecular arrangement and crystal packing. For long SDDs of 300-
400 cm, small angles below 5° can be resolved corresponding to length scales of around
1 nm up to 1 pm. The technique is therefore called grazing incidence small angle X-
ray scattering (GISAXS) and used to probe the inner morphology on the mesoscale, for
example for phase separation of the materials or aggregation of domains. The choice of
SDD depends on the question to be answered and can be varied for each experiment.

The scattering pattern is detected on a 2D-detector. At the Advanced Light Source
(ALS) of the Lawrence Berkeley National Laboratory (LBNL), two detectors are used, a
Pilatus 1M and a Pilatus 2M from Dectris. The detector is set up with different amount
of segments. A segment exhibits 487 x 195 pixels with a pixel size of 172 x 172 pm?.
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Figure 3.11: Schematic setup for grazing incidence X-ray scattering measurements. The incident

X-ray beam k: impinges the sample under a shallow angle a;. The beam is scattered at the
sample and the final beam k'_} with the angle oy in the xz-plane and ¢ in the xy-plane. The
scattering signal is detected on a 2D-detector at a distance of 10-30 cm for grazing incidence wide
angle X-ray scattering (GIWAXS) and 3-4 m for grazing incidence small angle X-ray scattering
(GISAXS). Depending on the distance, different length scales are accessible. A rod beamstop

blocks the direct and the specularly reflected beam to protect the detector from over-saturation.

The Pilatus 1M consists of two columns with five segments each. Its area is therefore
168.7 x 179.4 mm? with 981 x 1043 pixels. The Pilatus 2M has three columns with eight
segments each, and therefore a size of 253.7 x 288.8 mm? with 1475 x 1679 pixels. The
connection of the segments results in a gap which misses the scattered data at this spot.
With a maximum count rate of 107 photonss™ pixel™?, the detector is protected against
over-illumination from the direct and specularly reflected beam by a beamstop. Due to
the missing background noise and a read out time of less than 3 ms, the Pilatus detectors

are highly suitable for low scattering intensities and time resolved measurements.
GIWAXS and GISAXS measurements are performed at the beamline 7.3.3 at the ALS.
The wavelength is 1.24 A, which corresponds to an energy of 10 keV. Details about the

beamline can be found in literature. [117]
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Figure 3.12: Sample 2D data to exemplify data analysis for GIWAXS and GISAXS. a) For
GIWAXS analysis, radially integrated intensity profiles (orange and green) yield information about
out-of-plane and in-plane structures, respectively. Azimuthally integrated intensity profiles lead
to information about the orientation of a certain length scale. The data are shown as detector
patterns without transferring into momentum space. All the integrations need certain corrections.
b) For GISAXS, line cuts in vertical (blue) and horizontal (orange) direction reveal information
about vertical and lateral structures, respectively. If a rod beamstop is used, the vertical cuts

are performed next to the rod.

GIWAXS

The basic setup of grazing incidence wide angle X-ray scattering (GIWAXS) is shown in
figure 3.11. The incident X-ray beam impinges the sample under a shallow angle of around
0.2°. The scattered signal is detected on a 2D-detector, that is close to the sample with a
distance of 10-30 cm to resolve the large angles. If applicable, the sample environment is
placed in a helium atmosphere to suppress scattering from air. Further than that, no flight
tube is installed between the sample and the detector. The advantage of GIWAXS data

on a 2D-detector is the possibility to extract information about the crystal orientation.

For analyzing the GIWAXS data, a number of corrections need to be applied before
further processing, which are explained in section 2.4 in more detail. The data are re-
duced to one dimensional intensity profiles, to obtain quantitative information about the
sample in a certain directions. For reducing the data, the software GIXSGUI is used. [94]
Depending on the direction of integration of the 2D data, different information are ac-
cessed, see figure 3.12a. Vertical, radially integrated intensity profiles along q, at lowest
accessible q, yield information of the molecular packing perpendicular to the substrate.

In figure 3.12a, this integration sector is indicated in orange with an azimuthal angle of
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around y = 85° to x = 95°. Horizontal, radially integrated intensity profiles along q, pro-
vided information about the molecular packing parallel to the substrate. The horizontal

intensity profile is highlighted in green in figure 3.12a with an angle of x = 0° to x = 10°.

Additional information about the crystal orientation are obtained by azimuthally inte-
grated intensity profiles, indicated with the white tube in figure 3.12a. The integration is
done from y = 0° to at least xy = 90°, if possible to y = 180°. If the sample behaves like
an in-plane powder, the reduced data are sin(y) corrected to account for the tilted Ewald
sphere. [96,118,119]

The reduced and corrected data contain material characteristic peaks which are fitted
with a sum of Gaussians and an adequate background function using self written Python
scripts.  From the fitting parameters, conclusions about the crystal properties can be

derived and the crystal size is estimated using the Scherrer equation 2.34.

GISAXS

The setup used for grazing incidence small angle X-ray scattering (GISAXS) is similar
to the one used for GIWAXS as depicted in figure 3.11. The difference is the increased
sample to detector distance (SDD) to 300-400 cm to resolve the small angles. As the
long path to the detector would result in strong air scattering, a flight tube is installed
in the path from the sample to the detector. It contains either helium or is evacuated to
avoid scattering with air. The large SDD allows to probe structure sizes in the mesoscale
between a few nm up to pm. To protect the detector from over-saturation, a beamstop
is installed in front of the detector to block both, the direct and the specularly reflected
beam. For the experiments at ALS, a rod beamstop is used, which completely shields the

signal around gy = 0.

For the analysis, scattering signals in vertical and in horizontal direction are of interest.
Line integrals are performed as indicated in figure 3.12b in the respective directions with
blue and orange arrows. The horizontal integral is typically obtained at the materials
Yoneda position, which is a material characteristic depending on its critical angle. [87]
From these integrals, information about the film composition perpendicular and parallel
to the substrate are obtained. The reduction of the data is performed using the software
package DPDAK from DESY. [120] Custom made macros are used for data modeling to
analyze the reduced data. The models assume up to three spherical or cylindrical form
factors with a Gaussian distribution of their size, each together with 1d paracrystals as
structure factor in the local monodisperse approximation (LMA). It assumes, scatter-
ing only occurs from objects of the same size, independent from the presence of other

structures.



4 Sample preparation

The basic materials and processing steps for the substrates and the thin film deposition
are presented in this chapter. Details for each experiment are noted at the beginning of
the respective chapters. The materials and solvents are introduced in section 4.1. The
cleaning procedure of the substrates is explained in section 4.2.1. Section 4.2.2 shows the
thin film deposition methods and introduces the printing parameters used in this thesis.

The solar cell fabrication is then elucidated in section 4.2.3.

4.1 Materials

The structural formulas of the materials used in this thesis are depicted in figure 4.1.

Poly(3-hexyl-thiophene) (P3HT)

Commonly applied as donor in the active layer of organic solar cells is poly(3-hexyl-
thiophene) (P3HT), (C19H14S),. It is used as hole conducting polymer with lowest unoc-
cupied molecular orbital (LUMO) level at -3.3 eV and highest occupied molecular orbital
(HOMO) level at -5.2 V. The reported band gap is 1.9 to 2.0 eV and therefore it absorbs
in the visible light range. [55,56] Its hole mobility s, is 5.6x10* cm? V-1 st and the elec-
trical conductivity is 10 to 107 Sem™, which can be improved by doping. [121,122] The
reported mass density is 1.1 gem™. [123,124] The P3HT used in this work is purchased

from Rieke Metals Inc. with an average molar mass My of 53 kg mol™.

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)

Widely used electron acceptor material in organic photovoltaics is [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM), which is a derivative of buckminster fullerenes. The high elec-
tron mobility of around 2x10% cm? V-1 st originates from the large number of delocalized
m-orbitals. [125] The LUMO level is at -4.3 ¢V and the HOMO level at -6.0 eV, which
results in an electronic band gap of 1.7 eV. [126] PCBM absorbs in the UV-range and thus

o7
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Figure 4.1: Structural formulas of the materials used in this work.

only marginally contributes to the total light absorption in solar cells. The reported den-
sity is between 1.3 and 1.5 gem™. [123,124] The used PCBM is purchased from 1-Material

Inc.

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)

For organic electronics, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), or short
PEDOT:PSS, is an important water soluble and electrically conductive complex of two
polymers. The conductive part is fulfilled by PEDOT, whereas PSS is used as counterion
to provide water solubility and therefore the easy processability of PEDOT:PSS. It is
optically nearly transparent and its hole conducting and electron blocking properties
provides the possibility to apply PEDOT:PSS in organic solar cells, although not as active



4.2. Sample processing 59

material. The used PEDOT:PSS (AI4083, M121) (PEDOT:PSS ratio 1:6) purchased from
Ossila, is kept in the refrigerator at 4 °C.

Solvents

Chlorobenzene: For the bulk heterojunction, both, the conjugated polymer (P3HT) and
the fullerene (PCBM) are dissolved in chlorobenzene which has a boiling point of 131°C
and a density of 1.1 gem™. Chlorobenzene used within this thesis is purchased from Carl
Roth with a purity of > 99.5 %.

Chloroform: Since P3HT and PCBM do not exhibit an electrophoretic mobility in
chlorobenzene but in chloroform, the materials are dissolved in the latter for electric
field investigations (chapter 7). Chloroform has a boiling point of 61°C and a density

of 1.5 gem™. Chloroform used within the scope of this thesis is purchased from Sigma-

Aldrich.

Substrates

Silicon: For experiments performed with samples on a silicon substrate, a wafer with a
diameter of 100 mm (Si-Mat, p-doped, (100) orientation) and a thickness of 525 pm is
used. The wafer is cut to the desired size using a diamond cutter. Subsequently, it is

broken over a defined metal edge.

Glass: For measuring the optical properties of thin films in transmission, an optical
transparent substrate like glass is needed. The used glass slides (Carl Roth) with a size
of 76x26x1 mm? are scratched on the backside using a glass cutter and broken at this

particular scratch over a defined metal edge.

ITO coated glass: For the standard solar cell setup, glass coated with indium doped
tin oxide (ITO), SnO4:Iny O3, is used. It is a transparent conductive oxide for contacting
the solar cell. The used substrates are purchased from Solems with a size of 75x 20 mm?.
The glass is 1 mm thick and coated by a 100 nm thick ITO layer with a sheet resistance
of 25-35 Qsqt.

4.2 Sample processing

A certain routine needs to be fulfilled to obtain homogeneous and thus reproducible thin
films. This routine includes the preparation of the substrates, the deposition of thin films

and the steps to apply the films in solar cells. In the following, each step is described.
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4.2.1 Substrate preparation

The used substrates have to be in a defined state before further processing in order
to get reproducible results. Therefore, the glass or silicon substrates are cleaned in an
acid bath. [105] The ingredients, which are deionized water (DI HyO), hydrogen peroxide
(H204, Carl Roth) and sulfuric acid (HySO4, Carl Roth), are successively added in a glass
beaker using the amounts listed in table 4.1 and heated to 80 °C.

Table 4.1: Composition of the acid bath for cleaning the substrates.

chemical amount [ml]
DI H,O o4

Hy0, 84

H,SO, 198

The cut samples are immersed in the acid bath for 15 min and subsequently placed
in deionized water. Directly after that, the samples are separately rinsed with deionized
water to remove acid traces and dried with nitrogen. With that, the samples have a

defined oxide layer with a hydrophobic surface.

4.2.2 Thin film deposition

For deposition within the scope of this thesis, two methods are used, spin coating and

slot-die coating.

Preparation of blend solution

P3HT:PCBM: For the production of a standard solar cell active layers, a solution of
P3HT:PCBM with a 1:1 weight ratio is prepared. Therefore, the utilized welted glasses
are each cleaned with the later used solvent to ensure the removing of all residuals that are
soluble in the respective solvent. After drying the glasses with oil-free nitrogen, the desired
amount of P3HT and PCBM are directly put into separated glasses and measured using
an analytical balance (Sartorius CPA 225D). Having measured the amount of polymer,
the particularly needed volume of solvent (chlorobenzene or chloroform) is added with
a microliter pipette to obtain the concentration of 16 mgml™'. This solution is stirred
until dissolving. The same is done for PCBM to get a concentration of 16 mgml™* of the

solution. Thereafter, the glasses are sealed using Parafilm® to avoid solvent evaporation.
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The separate solutions are placed on a shaker (IKA-Vibrax-VXR) over night before the

solutions are combined.

PEDOT:PSS is already dissolved in water upon receiving. Before application, PE-
DOT:PSS is placed in a ultrasonic bath for ten minutes in order to dissolve aggregates
and subsequently filtered with a 0.45 pm poly(vinylidene fluoride) (PVDF) filter to remove

big clusters.

Spin coating

Spin coating is a common technique to produce thin homogeneous films out of solution
with controllable and reproducible thicknesses. For spin coating, the cleaned substrate is
placed on the rotation chuck. The sample is fixed either by vacuum or by pins. For spin
coating (Ossila, E441), the rotational speed in revolutions per minute (rpm), the time
and the acceleration is set. After setting the needed parameters the solution is dispersed
over the substrate to completely cover it. During spin coating, first the excessive solution
is removed followed by evaporation of the solvent. The obtained film thickness d depends
on the molecular mass My, the initial concentration ¢y and the rotational speed w and

can be calculated using the Schubert equation [127]:

1 1
1950 1A 2 Co MW 1
o (05 (o) (e Y i
w 20¢ ) \ 1002

with the scaling factor A including environmental parameters like temperature and hu-

midity. A linear relation between the thickness and the concentration of the polymer
solution is found for the case of pure polymer films within certain regimes. There, the
viscosity of the solution can be neglected. [127] Generally, the thickness depends on the

viscosity of the solution as well. Thus, a higher viscosity yields a larger film thickness.

Slot-die coating

For the printing experiments in this thesis, a lab-scale printer is developed. It facilitates
the implementation into a synchrotron beamline and is therefore suitable to perform
fundamental investigations on the film solidification process. The printer is described in
detail in chapter 5. An overview of the setup with the most important components is

depicted in figure 4.2a.

The solution is provided via a syringe pump with variable pump rate. A suitable pump
rate is found to be 0.25 mlmin™ for a solution concentration of 16 mgml™. The distance
between print head and sample, the gap clearance, is controlled using two systems. One

is an optical one, using a 10x-magnification objective and a CMOS camera. The print
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control

Figure 4.2: (a) Overview over the slot-die setup used in this thesis with the most important
components. Two motor control units for the vertical and horizontal motor. The print head
distance is controlled with two systems, a camera watching the distance and a force sensor
in the vertical mounting to detect the moment the print head is touching the substrate. (b)
Photographs of films printed with a gap clearance of 300 pm at different horizontal printing

speeds.

head lip face is followed and a distance to the sample can be read through calibration.
The second one is a force sensor mounted on the contact point of the vertical motor.
The force is measured continuously and the force due to the weight of the print head
is measured. Once it touches the sample surface, it becomes smaller, which yields the
zero gap clearance. The exact distance is set via the vertical motor. The gap clearance
is chosen to allow a meniscus formation between print head and sample before starting
the printing process. In this thesis, a gap clearance of 300 pm is commonly used. The
horizontal motor moves the substrate underneath the print head and is thus responsible
for transferring the meniscus onto the substrate. Figure 4.2b shows photographs of films
printed at different horizontal velocities. The pump rate was 0.25 mlmin™ and the gap
clearance 300 pm. Well reproducible films are obtained for a printing speed of 10 mms™,

which lead to a final film thickness of around 150 nm.

A detailed investigation on the printing parameters and the influence on the final films
was performed by Oliver Filonik and Fabian Englbrecht. [128,129]

4.2.3 Solar cell fabrication

The fabrication of solar cells involves five different steps as depicted in figure 4.3. As
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Figure 4.3: Schematics of solar cell assembly: (a) The glass substrate coated with ITO is (b)
partly etched to remove the ITO at one side before cleaning. (c) PEDOT:PSS is spin coated
onto the ITO before (d) the active layer is applied using slot-die coating. The samples are

thereafter cut to a size of 2x2 cm? before (e) evaporating aluminum contacts.

substrate, ITO coated glass is used, which already requires a slightly different procedure

as normal glass described above.

Substrate preparation

As substrates for solar cells in standard geometry indium doped tin oxide (ITO) coated
glass is used due to its high conductivity (figure 4.3a). The ITO layer is partly etched
away from the substrate as depicted in figure 4.3b. Therefore, ITO is partly covered with
a Scotch tape. For etching, zinc powder is distributed on the non-covered part of the
ITO. Hydrochloric acid (HCI, 37 %) is applied on the distributed zinc powder. After
completion of the reaction, the remaining parts are rinsed away with deionized water and
the tape is removed.

Cleaning

As acid cleaning would etch away the I'TO, another cleaning method is applied for the
solar cell substrates. The cleaning process includes four steps each of them containing a

ten minutes ultrasonic bath followed by rinsing of the substrates.

First, the substrates are placed in a Teflon holder and rinsed with deionized water.
Thereafter, they are subsequently immersed in Alconox® dissolved in deionized water
(10 g1'!, Sigma-Aldrich), ethanol (Carl Roth), acetone (Th. Geyer) and isopropyl alcohol
(IPA, Carl Roth), in between a ten minutes ultrasonic bath and rinsing of the samples
with the appropriate solvent (in case of Alconox®, they are rinsed by deionized water).

After finally rinsing the samples with IPA, they are dried with nitrogen.

Right before continuing with the next preparation step, the sample surface is treated in
an oxygen plasma. This aims to remove all organic traces and to improve the wetting of

the surface with the following solution of the blocking layer. Therefore, the samples are
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placed on a glass plate in between the electrodes in a plasma oven (SmartPlasma from
plasma technology GmbH). The chamber is evacuated to 0.3 mbar before filling with

oxygen. The plasma is applied for 3 minutes.

Application of electron blocking layer

The first applied layer is PEDOT:PSS to improve the contact and as blocking layer of
electrons, figure 4.3c. Therefore, PEDOT:PSS is put into the ultrasonic bath for 10 min.
The solution (=~ 1-2 ml) is then filtered with a PVDF filter with a pore size of 0.45 pm
to remove big clusters directly before spin coating. The spin coating parameters are
3000 rpm for 60 s leading to a film thickness of around 50 nm. Directly after spin coating,
the samples are put on the heating plate at 150 °C for 10 min to remove the remaining

water.

Application of active layer

As active layer, only non-water based solvents can be used since otherwise the applied
PEDOT:PSS layer would be re-dissolved. Within the scope of this thesis, PSHT:PCBM
dissolved in chlorobenzene or chloroform as described previously is used. Around 0.1 ml
is slot-die coated on the electron blocking layer with a substrate speed of 10 mms™, a

print head to substrate distance of 0.3 mm and a pump rate of 0.25 m min™ (figure 4.3d).

Aluminum contact evaporation

Before evaporating aluminum contacts the samples are cut into 20x 20 mm? pieces to fit
into the evaporation pockets. The aluminum (ChemPUR, 99.99 % purity) is evaporated
at a pressure below 10 mbar using a CREAMET 301 V2 evaporation system from Cre-
ative Vakuumbeschichtung GmbH in a nitrogen filled glovebox. The deposition controller
SQC-122¢ from Sigma Instruments allows for precise thickness control. The evaporated

aluminum contact has a thickness of 100 nm (figure 4.3e).



5 Design and construction of an
experimental printing setup

Thin film deposition and its control became more and more important over the last few
decades. It is not only the functional coating of surfaces which gains interest, but also or-
ganic thin film deposition which is used in organic electronic (OE) applications. For OEs,
the most common deposition method to date is spin coating. A lot of progress in the field
of OEs is due to the easy reproducibility of spin coated films. [130] However, a drawback of
this technique is the limited surface size that can be coated. A further progress in the de-
velopment of organic solar cells (OSCs), organic light emitting diodes (OLEDSs) or organic
field effect transistors (OFETS) demands a homogeneous coating on large surfaces. With
a film thickness of around one hundred nanometers, the deviations should be in the lower
nanometer scale. [13] These requirements cannot be faced by lab scale techniques like spin
coating, but rather by different kind of printing techniques. [16] Next to the homogeneous
deposition of the functional material, the inner film morphology is of utmost importance
for the performance of the organic functional layer. [82,131,132] Therefore, several at-
tempts aim to influence the inner morphology after producing the devices, the so called
post-production treatment. Among these attempts, the most prominent ones are thermal
annealing, external magnetic or electric fields or temperature gradients. [133-135] As it
is beneficial to accelerate the total production time of the devices, the treatment during
device processing comes more and more into focus. For organic solar cells, for example,
force fields, different solvents, solvent additives or a reduced solvent evaporation rate via
solvent annealing is applied during processing. [136-138] Especially the latter approach

shows a notable improvement of the device performance. [137,138]

Insight on the inner morphology is regularly obtained by characterization using X-ray
scattering techniques. For thin organic films, X-ray scattering under grazing incidence is
applied in order overcome the limited scattering volume due to the low film thickness (see
2.4). [34,139] Hereby, the incoming X-ray beam impinges the sample under a shallow angle
which leads to a large probed volume. The scattered signal is then detected and, depend-
ing on the distance of the detector to the sample and the wavelength of the X-ray, different

length scales are accessed. For many polymers, especially the widely used poly(3-hexyl-
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process
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Figure 5.1: Diagram to show the structure of the thesis. This chapter explains the experimental

setup that was constructed and built. Based on this setup, the further experiments are performed.

thiophene) (P3HT) the spacing between the backbones is the most relevant information
on the smallest length scale and therefore the respective high scattering angles need to be
accessible in any experiment. Recent investigations in the field of OE focus on the kinetics
playing an important role during device fabrication or operation. [38,140,141] Current
interest is put on the investigations of the kinetics in up-scalable techniques which still
lacks fundamental experiments. Thus, knife and slot-die coating have become one of the
most widespread large-scale processing techniques to be investigated. The first attempts
of a slot-die coater that is adaptable to synchrotron beamlines have been introduced and
the initial studies showed the mechanisms of the structure formation of printed photoac-
tive layers. [142,143] The experiments show the importance of the control of numerous
parameters while processing and their enormous impact on the molecular assembling. To
investigate the complex assembling process, in thin organic films while printing, more
effort needs to be put on the experimental conditions. In particular, advanced setups for
in situ characterization are necessary. These setups have to be adjusted in order to be
implemented in synchrotron beamlines while still being able to control a wide number of
parameters. The definition and construction of such a setup is therefore the first step to
be fulfilled before deeper investigations on the kinetics can take place. Thus, the setup
presented in this chapter is the base of the complete work presented in this thesis (figure
5.1).

This chapter describes in detail the concept and construction of a slot-die coater that
can be implemented into a synchrotron beamline. The project is an ongoing collaboration
with the group of Dr. A. Hexemer at the Advanced Light Source (ALS) of the Lawrence
Berkeley National Laboratory (LBNL), in particular with Dr. C. Wang and Dr. C. Zhu.
It starts with the basic printer setup (section 5.1). This section gives an overview on the
printer scaffold, the print head and the motors along with their control. This section also
investigates the meniscus forming process at the print head lip. Using this basic setup it
is already possible to print thin organic films applied in solar cells and thus the param-
eters for printing are defined. It furthermore offers the possibility to vary the substrate
temperature and therefore the drying speed of a printed thin film. In the following section

5.2 the printer is equipped with electrodes for the application of an electric filed during
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printing. With this modification, new possibilities on the manipulation of the morphology
arise. A further improvement of the printer is the equipment with an atmosphere control
chamber described in section 5.3. This chamber is capable of providing a defined flow of
different saturated gases containing organic solvents and keeping the atmosphere. Thus,
the setup allows for solvent annealing during processing. It is constructed in away that
allows for accessing the freshly printed films with X-rays for in situ structure formation
investigations. Another implementation are optical fibers for probing the film during so-
lidification with transmission or reflection measurements. The functionality of the setup
is demonstrated by implementing it into a synchrotron beamline where the solidification
process of a printed thin organic film is tracked with grazing incidence small angle X-
ray scattering (GISAXS). Furthermore, another experiment is performed measuring the
transmittance of the samples during solidification. For both experiments, the influence
on the film drying process of a saturated gas stream is observed. Parts of this chapter
are published in "Note: Setup for chemical atmospheric control during in situ grazing
incidence X-ray scattering of printed thin films”, Review of Scientific Instruments 2017,
88 (6), p. 066101. [144]

5.1 Basic printer setup

A printer setup, that was previously introduced by collaborators serves as template for
the experimental setup presented in the following. [143,145] In particular the principle of
the vertical translation and the print head mounting are used for the first version of the
setup. The drawbacks of this setup were the low flexibility to modify with customized
equipment, the limited printing area of less than 20 mm x 100 mm and the sensitive motor.
The following most important requirements are defined to overcome this drawbacks:

» low weight for setting on a goniometer stage (< 15 kg)

 printing area of more than 20 mm x 100 mm

o heatable sample stage up to 140 °C

« accessibility of the printed film for in situ GISAXS and GIWAXS

o high reproducibility of the coated films

o flexibility to modify setup
In the following the single parts of the basic printer are described, starting with the

printer scaffold, followed by the print head together with an investigation of the meniscus

formation process and afterwards the software control.
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Figure 5.2: Exploded view of the base printer setup a) drawing and b) 3d CAD model without
the print head. The system consists basically of two parts, the sample stage on the horizontal
motor and the mounting for the print head. For flexibility, the print head position can be varied

in height and tilted. The numbers are explained in the main text.

5.1.1 Printer scaffold

The basic setup of the printer is shown in figure 5.2. The base plate (1) is a breadbord
with size 300 mm x 450 mm x 12.7 mm, on which all of the subsequent equipment is
mounted. Directly connected to the base plate are a horizontal motor (2) for the sample

stage (3) and two distance piles (4), on which the print head holder (5) is mounted.

The sample stage (3) of this basic printer version consists of three parts. Two mounting
rails (3a) are fixed on the horizontal motor (2). They serve to fix a heat buffer (3b) for
the copper sample stage (3c). The heat buffer (3b) is made of poly(tetrafluoroethylene)
(PTFE), a thermoplastic polymer, better known under the trade name Teflon®. This
material has a melting point of 327°C (glass transition temperature Ty = 115°C) and
a coefficient of thermal expansion of 112-125-10° K and a thermal diffusivity of 0.124
mm? s1. [146-148] It is therefore suitable to serve as heat buffer of the copper sample
holder (3c), which can be heated up to 150 °C using heating cartridges. The copper plate
features five clearance holes for the heating cartridges and blind holes in between for the
temperature sensors. On top of the sample holder, several M2 threads serve to fix the
sample using headless screws. The arrangement of the threads offers a variety of possible
substrate sizes, especially for the used lengths and widths of ITO glasses and microscopic

slides (see chapter 4).
The print head holder (5) is mounted on the distance piles (4). The print head con-
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nection (6) needs to be adjusted in an accurate way, meaning the height and tilt. For
the height adjustment, two systems are used. First, a rough height adjustment is done
with the clamps (4a) on the distance piles and the attachment plate (5a). Second, a ball
bearing linear stage (5b) with travel length of 25.4 mm purchased from Newport (M-423)
is used for the fine attachment of the height. This stage is mounted on a tilt and rotation
platform (5c¢). It features a tilt adjustment of -4.3° to 4+7.0° and a rotational adjustment
of £2.5°, which is sufficient to account for different substrate and coating conditions. The
platform is purchased from Newport (M-36). To connect the print head, a system (6)
consisting of three parts is used. Two aluminum holders (6a) are mounted on the linear
stage (5b) and serve as positioning system of a PTFE block (6b), on which the print
head will be directly mounted. This block with the print head is then connected to the

aluminum holders with ball lock pins.

The completely assembled printer is shown as a CAD drawing in figure 5.3. For the
fine adjustment of the head height, instead of a manual micrometer screw, a motorized

actuator is used.

In order to set the accurate height of the print head, two methods are used. The first one
is an optical control, the second one a force sensor. The former one consists of a CMOS
camera (Thorlabs DCC1645C) with a Mitutoyo objective (M Plan APO) purchased from
Edmund Optics GmbH with a 10 fold magnification and a working distance of 33.5 mm.
With this camera system the print head and sample are monitored and the distance can
be set via a calibration of the optics or by using the substrate surface as zero position of
the print head height and moving the vertical motor to the desired absolute position. An
image of the print head and sample seen by the camera system is shown later in figure

5.5. The force sensor as the second system is attached to the vertical mounting of the
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actuator. The sensor detects the change of weight between the print head being above

the sample and touching it, which is then set as the zero position.

5.1.2 Print head

The most important part of the printer is the print head. It needs to provide a homo-
geneously distributed amount of solution over the complete lip. A number of studies
on the influence of the lip on the meniscus forming process shows the complexity of the
construction. [49,149] A first cooperation on the development of a suitable slot-die print
head was with UNAV Coating Technologies, Switzerland. The first version of the print
head is seen in the assembly of the slot coater in figure 5.3. Further improvements of the
print head came with the cooperation with Jema Technologies LLC, USA, California. A
technical drawing of the principle setup of the print head and an isometric exploded view

is given in figure 5.4.

The solution is fed into the print head via an inlet with a 1/8-27 NPT thread on top
of the print head. A tube connected to the syringe pump provides the solution with a

given pump rate through an adapter. The solution flows through a channel (1) to the
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Figure 5.4: Technical drawing of the print head including an exploded isometric view. The

solution is provided via an inlet on top of the print head through a channel (1) to the distribution
chamber (2). The solution is then brought to the substrate through the feed slot (3), which is
adjustable with a screw (4) at the front part (5) of the print head, while the solution feed is
located in the rear part (6). Two shim masks (7) limit the feed slot width and are fixed with a
right (8) and a left (9) bracket. Drawing based on Jema Technologies LLC.
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Figure 5.5: a) Photograph of the basic printer setup from the front view including a camera for
watching the meniscus forming. (Photo: Oliver Filonik) b) Record of the camera image looking
from the side onto the left print head bracket (as mounted in (a)). The coating distance of the
print head to substrate, known as gap clearance, is adjusted using a vertical motor.

solution distribution chamber (2). This chamber provides the solution through the feed
slot (3) to the substrate. The width of the feed slot can be varied between 0 and 0.3 mm
via an adjustment screw (4) at the front part (5) of the print head. The solution feed and
distribution chamber is located in the rear part (6) of the slot-die head. Two shim masks
(7) on each side of the feed slot provide the boundary for the solution. The shim masks
are fixed with a right (8) and a left (9) bracket.

The print head is mounted to the basic printer setup using the print head connection.
A picture of the setup with a substrate directly before the printing process is shown in
figure 5.5a.

The camera observes the left print head bracket, which is used to set the clearance gap
as described previously using the vertical motor. In the recorded image (figure 5.5b) the
lower part of the bracket as side boundary of the lip is shown. This record serves not only
for setting the head-to-sample distance, known as gap clearance, but also to watch the

meniscus forming and determine the start of the coating process.

The initial wetting of the surface is recorded with the camera from the front (figure
5.6), to get a rough idea about the meniscus formation. A detailed study on the starting
process of slot-die coating is performed by Chang et al. [150] They found, how the starting

process influences the film quality and how a stable meniscus is reached.

Once the distribution chamber is filled, it is only one tenths of a second, that the

meniscus is formed over the complete width of the lip. Further pumping leads to an
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Figure 5.6: Snapshots from a movie watching the forming meniscus from the front. Initially,
the meniscus is kept at the lip for around 1 s during which the meniscus height increases. After
a certain amount of material is pumped through the print head, the meniscus moves over the
side of the lip. The scale bar in each image represents 1 mm. (gap clearance: 300 pm, pump
rate: 0.25 mlmin1)

increase of the wetting meniscus which covers the full width of the lip. This increase of
the meniscus leads to an increased volume in the upstream die lip and thus to a change of
the coating bead. For the pump rate of 0.25 mlmin and a clearance gap of 300 pm, there
is only a time window of 1 s, in which the meniscus is kept within the lips. Afterwards,

the meniscus moves sideways over the brackets of the slot-die head.

The increase of the meniscus height after it ranges over the side of the feed slot is shown

in figure 5.7, in which each frame represents additional 0.2 s of pumping.

With a pump rate of 0.25 mlmin™ each of these 0.2 s of pumping yields to additional

Figure 5.7: Selected pictures from a video of the meniscus formation at the print head showing

the growth of the meniscus once it moved over the side of the feed slot. Each frame represents
a progress of 0.2 s, the last one of 1 s. With a pump rate of 0.25 mImin™, each 0.2 s frame
contains additional 0.8 pl solution. Shown in the picture is a polymer solution at the side of the

feed slot.
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0.8 pl of the solution which is contained in the meniscus. This excess of solution has then
an influence on the film thickness and quality, which needs to be reproducibly controlled.
The starting point of the printing procedure needs therefore be set to a certain time after

the initial meniscus is formed.

5.1.3 Linear motors and software control

The movement of the sample stage as well as the vertical adjustment of the print head
height is motorized. As actuator of the vertical adjustment of the print head with mi-
crometer accuracy, CONEX-CC from Newport is used. The motor has a travel range
of 25 mm with a guaranteed absolute accuracy of +5.0 pm and a minimum incremental
motion of 0.20 pm. The properties are sufficient for setting the print head height (gap
clearance) to around 300 pm. For the horizontal translation, a 150 mm translation stage
with stepper motor purchased from Thorlabs (LTS-150/M) is used. It has a horizontal
velocity of up to 50 mm s with an absolute on-axis accuracy of 20 pm with a bidirectional
repeatability of +£2 pym. The remote control of each of these motors is done with their
respective manufacturer software. For the Thorlabs motor this is the APT software. For
the horizontal motor, the speed, the start and the end position of the printing process are
set. The Newport CONEX-CC motor is delivered with a software for remote control as
well. This is used for setting a minimum end of run, i.e. the minimum print head position,

to ensure that the print head lips can not accidentally crash into the substrate holder,
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Figure 5.8: Graphical user interface of the LabView program to remotely control the pump.
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which would lead to scratches and thus malfunctions of the print head. Furthermore, the
height of the print head is set accurately and reproducible to have the same distance to

the substrate during the complete experiment.

For feeding the solution into the print head, the Aladdin Syringe Pump AL-1000 pur-
chased from World Precision Instruments is used. Its dispensing accuracy is +1 % and
a wide range of flow rates can be covered by using different syringe diameters. A Lab-
View user interface allows for remotely controlling the syringe pump (figure 5.8). With
the pump control software, the flow rate is set, which transfers with the given syringe
diameter to a certain feed rate. Using the software, the infusing process is started and

towards the end of the printing process, the pump is set to withdraw a certain volume.

A detailed experiment with the basic printer setup and the influence of the sample
stage temperature on the morphological evolution of organic thin films can be found in

chapter 6.

5.2 Electric field implementation

The printer in the basic version already opens a variety of parameters to control, that
possibly influence the inner film morphology. For further manipulations of the structure,
an additional parameter is implemented. The printer setup is therefore modified, to
implement an electric field while printing. Using this modification the basic principles for
an electrophoretic printing process can be studied. Figure 5.9 shows the modified setup

as a photograph and a schematic CAD drawing.

In figure 5.9a, the complete setup including the syringe pump is shown. The voltage

for the electric field is provided by a power supply, which is set with the desired voltage

a) \F, ., solution feed i l“ b)
r," : ﬁ" top electrode
| _‘ o »
. syringe |- v oNE ot Ir
iy pump i power

sample stage as

\ bottom electrode

Figure 5.9: a) Photograph of the modified printer setup including an electric field application.
(Photo: Ulrich Benz) b) 3d CAD model of the respective setup including the top electrode.
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for the field and which limits the current that is allowed to flow. The copper plate of the
sample stage serves as bottom electrode. It is directly connected to the power supply.
The conductive top part of a substrate (indium doped tin oxide, ITO) can be contacted
using conductive screws that are fixed in the copper sample stage. The top electrode
is fixed on a non-conductive holder. This top part is mounted on four piles that are
adjustable in height via threads. With this adjustment the electric field strength can be
varied at constant voltage by changing the distance between top and bottom electrode. It
is possible to contact the print head with the top electrode to further increase the electric
field during printing. By doing so, the distance of the electrodes is only as big as the
substrate thickness plus the gap clearance. If the ITO of the substrate is connected as

well, a current flow during printing is possible.

A 3d drawing of the printer setup (figure 5.9b) clarifies the implementation of the

electrodes. The mounting of the top electrode is shown in this figure.

A detailed experiment with the modified printer and the ability to apply electric field

during printing to influence the structure of organic thin films is given in chapter 7.

5.3 Atmospheric control chamber

The evaporation process of the solvent while solidification of the thin organic film has
an enormous impact on the structure formation. [142] As a consequence, the ability to
manipulate and even control the atmosphere surrounding the drying film is highly desir-
able. With further modifications of the printer setup it is important, that the initially
mentioned requirements (section 5.1) are fulfilled, especially concerning the weight and
the ability to perform in situ investigations. This section describes the construction, test

and verification of a chamber to control the printing atmosphere.

5.3.1 Construction

The chamber needs to be able to handle chemically aggressive atmospheres and is therefore
generally made of aluminum for its ability to resist organic solvents with a relatively low
specific weight and easy processability. An overview of the chamber is shown in figure
5.10. The size of the chamber is as small as possible to minimize the influence of the
residual atmosphere. The outer dimensions are around 13 cm x 30 cm at a height of
8 cm. Only the scattering window exhibits a slight extension to 10 cm height in order to
reach a sufficiently large scattering angle during the in situ experiments. The length of
the chamber is determined by the length of the sample stage plus the travel range of the
linear motor (150 mm). To keep the low weight limits, all the side plates exhibit milled
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Figure 5.10: Overview of the atmo-
spheric control chamber which can
be implemented in the printer de-
scribed previously. The chamber is
made of aluminum plates, which ex-

hibit milled pockets for weight reduc-

tion.

pockets. The stability of the chamber is guaranteed by the webs. They also offer the
possibility for welding together all the sides for a high tightness and for drilling holes and
threads. The linear movement of the sample stage underneath the print head is achieved
by two hollow pistons that are fixed to rails mounted on the linear motor. A removable
cover that allows for the exchange of samples is sealed with an area seal and fixed with

snap locks during operation to ensure the tightness.

Details of the single parts of the chamber and its implementation in the printer are
shown in the exploded view of the chamber in figure 5.11a. A challenge in constructing

the chamber is the tightness of the moving parts. The pistons are therefore sealed with

a) optical fiber print head gas b) c) motor for
connection opening / outlet  top reflectometer/  removable printhead
~ 4 electrode  UV-Vis sender movement

for e-field

heatable .
stage and print
bottom head
electrode

_ M UV-Vis <
= piston receiver motor for
Kapton® window seal connection linear stage
for X-rav beam = to stace movement

Figure 5.11: Schematic drawings of the atmosphere control chamber and the assembled slot-
die coater. a) Exploded view of the chamber showing the inner setup of the chamber. The
lid contains a gas in- and outlet as well as the opening for the print head and an optical fiber
connection. On the left and right side, Kapton® windows offer the possibility for X-rays to enter
and exit the chamber with minimum scattering. The sample stage is mounted on pistons that are
sealed at the chamber entrance. b) Sectional front view of the chamber. The UV-Vis connection
is depicted as well as the sample stage and the top electrode. The right side consists of a cover
that is removable for sample exchange. It features a sealing as well as quick connections for
tightening. c) 3d CAD model of the assembled complete slot-die printer. Reproduced from [144],
with the permission of AIP Publishing.
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solvent resistant seals made of Zurcon® 720 purchased from Trelleborg Sealing Solutions.
The material is resistant against many organic solvents and therefore suitable to be im-
plemented as piston sealing. The construction with the motor being outside the chamber
and transferring the linear movement to the inner part of the chamber via the pistons

prevents the motor or electronic parts from being exposed to the solvent atmosphere.

The desired atmosphere is obtained by mixing a saturated with a dry gas flow. There-
fore, the gas tubing coming from a neat gas supply is split into two paths. Each of the
paths contains a mass flow meter, which allows to regulate the gas volume through each
path. One of the split tubes passes then a washing bottle, which contains the target
solvent for the respective atmosphere. The path passing the washing bottle is saturated
afterwards and merged with the other path containing dry gas. By adjusting the volumes
in each path, a mixture of saturated and dry gas can be set. The merged path is directed
into the chamber via the gas inlet, which is a nozzle purchased from Lechler GmbH (flat
fan nozzle 686.408.16.CA.00.0). It provides a defined gas flow above the sample.

The ability to perform in situ X-ray measurements while printing is one requirement to
be fulfilled. Therefore, on either side of the chamber, 25.4 pm thick Kapton® foils from
DuPont™ are inserted. This material is frequently used as window for X-ray experimental
setups as it only scatters weakly. [151,152] The height extension at the exit window to
10 c¢m is designed to achieve scattering signals up to 40°, which allows to observe the
main characteristic peaks of most polymers of interest. The other windows, that are not
functional for the X-ray scattering experiments are covered with glass. They serve as
access of illumination and video cameras to follow the printing process. Further features
of the chamber are the KF flanges mounted on top of the chamber and on its left side.
With these flanges, optical fibers can be attached which are connected to a spectrometer
either for reflectometry or UV-Vis transmission measurements. Thus the film thickness

or the absorption properties during solidification can be probed, respectively.

A closer look to the sectional front view of the chamber is shown in figure 5.11b. It
highlights the path for optical characterization of the printed films. The optical fiber
connected to the top KF flange is guided through a PTFE buffer and a copper plate.
This plate is used as the top electrode for application of an electric field and the PTFE
buffer ensures the screening of the chamber from the applied voltage. The sample stage
has a hole to allow an optical path for the characterization. A 90°-bended fiber mounted
in the KF flange at the side of the chamber collects the transmitted light and guides it to a
spectrometer. The copper sample stage acts as bottom electrode for the electric field. It is
mounted on a holder made of poly(ether ether ketone) (PEEK). This material offers a high
solvent resistivity, a melting point at (389 £ 4) °C (glass transition temperature Ty = 140-
155°C) and a low coefficient of thermal expansion of 58-10% K!. [153-155] The copper
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Figure 5.12: Draw-
ing of the assembled
slot-die coater includ-
ing the atmospheric
control chamber, the
vertical and horizon-

tal motors and the

print head.

stage can be heated up to 150 °C with high-performance resistors, that are connected to
electrical plugs, mounted into the hollow pistons and sealed by casting epoxy. The PEEK

holder prevents the heat to diffuse to the pistons, which might generate a malfunction.

A 3d drawing of the complete printer setup including print head and holder is depicted
in figure 5.11c. The chamber is mounted on stages above the horizontally moving motor.
The rails connected to the pistons are fixed on the motor stage. The print head is inserted
into the chamber through an opening at the top of the chamber. It is fixed and sealed
using area seals in a holder made of PEEK which reduces heat conduction to the mounting.
The print head holder and the top of the chamber are sealed using bellows to seal the
chamber against the atmosphere. With that, a vertical movement of the print head and
therefore an accurate setting of the gap clearance is possible while no contamination from

the surrounding atmosphere is entering the chamber.

An overview over the completely assembled printer is given in figure 5.12, in which all
parts, including the motors are shown. In order to produce the gas mixture that is lead
into the chamber, the stream of neat gas is split up and one path passes a washing bottle
as described previously. In order to accurately set the volume of the respective streams,
mass flow meters purchased from Végtlin Instruments AG (red-y smart controller, GSC-
BI9SA-BB23) are used. A LabView program controls the mass flow meters (figure 5.13).

Settings for the flow rate (in ml min) need to be given for the complete volume flow
of nitrogen. By setting the desired saturation of the gas, the respective percentage of the
volume is directed through the flow meter connected to the washing bottle. Check valves
ensure the protection of the flow meters against the saturated gas and thus the correct

direction of the flow.
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Figure 5.13: LabView user interface for the remote control of the flow meters. The first tab (a)

shows the actual and the mean flow through both of the flow meters. The settings are defined
in the second tab (b).

5.3.2 Concept testing

The functionality of the chamber and the fulfillment of all requirements is tested in two
experiments. The ability to measure UV-Vis spectra is tested outside a beamline in the
laboratory. The suitability to perform in situ measurements is tested by implementing

the printer into the beamline 7.3.3 of the Advanced Light Source (ALS) at the Lawrence
Berkeley National Laboratory.

The test of an optical characterization during solidification is performed by printing a
polymer:fullerene film on a glass substrate. As polymer, poly(3-hexyl-thiophene) (P3HT)
and as fullerene [6,6]-phenyl-Cgbutyric acid methyl ester (PCBM) is used. The gap
clearance is 300 pm and the printing speed 10 mm s!. An exemplary record of the in situ

UV-Vis spectra for a sample printed under a dry gas flow is shown in figure 5.14a.

The frame rate of the spectra are 200 ms™'. At a wavelength of around 605 nm, the
crystallization process of the polymer can be followed by the evolving shoulder. After
the initial evaporation of the solvent, the polymer crystallizes within 10 to 20 seconds,
seen by the evolving shoulder. This rapid crystallization is known to be due to a critical
concentration of the polymer in the solution, once most of the solvent has evaporated. [142]
Using a saturated gas stream during the printing process, the onset of crystallization can
be delayed. In figure 5.14b, the normalized intensity of the shoulder at 605 nm for different
atmospheres is depicted. It shows, that for printing under a purely saturated gas stream,
the growth of the crystallization absorption shoulder is delayed by around 20 s from
50 s to 70 s. This onset can be further delayed, by letting the atmosphere inside the
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Figure 5.14: a) Exemplary in situ absorbance data of a P3HT:PCBM sample printed under dry
gas flow with a frame rate of 0.2 s1. At around 605 nm, the shoulder indicating crystallization of
the polymer during the film solidification can be followed. b) The intensity of the crystallization
shoulder at 605 nm for samples printed under a dry flow of nitrogen, a saturated flow and a
saturated flow with a saturation time of 10 min before printing. Each of them leads to a further

delay of the intensity increase. Reproduced from [144], with the permission of AIP Publishing.

chamber saturate. If the saturated gas flow is switched on 10 min prior to printing, the
crystallization is delayed to nearly doubled the time of the film printed under a dry gas

stream.

In a second experiment, the atmospheric chamber and its ability to influence the drying
kinetics on a nano-morphological scale, is tested. Therefore, in situ GISAXS measure-
ments are conducted. The complete setup is implemented into beamline 7.3.3 of the
Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory. Figure 5.15
shows a photograph of the connected setup within the beamline. The incoming X-ray
beam impinges the sample from the right side of the chamber and scattered beam exits
the right Kapton® window into the flight tube (conus in figure 5.15) to the detector. At

optical fiber
A V- B

incident
X-ray beam

solution feed print head

sealing

Figure 5.15: Photograph of the printer setup

implemented in the endstation of the syn-
chrotron beamline 7.3.3 of the Advanced Light
Source. The red arrows pointing to the right
show the path of the X-ray beam before and
after the scattering event. The detector is be-
hind the flight tube on the right (not shown in

scattered
X-ray beam

this image)
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Figure 5.16: Vertically integrated inten-
sity profiles of GISAXS 2D data ver-
sus time with differently saturated gas
streams above the sample. a) The ver-
tical cuts of a scattering experiment of a
P3HT:PCBM film printed under a flow of

dry helium versus time. The final struc-

saturated
gas flow

ture seen in the 2D color plot is reached
after around 24 s. b) Using a satu-
rated gas flow, the solidification process
is extended by around 15 s. The red
line roughly indicates the final film struc-

ture for the film printed under a dry gas

stream, while the green line roughly indi-

0 10 20 30 40 50 cates the end of the structure formation

Time [s] i
| of the film printed under a saturated gas
12 100 450 flow. Reproduced from [144], with the
intensity [counts] permission of AIP Publishing.

the top KF flange, an optical fiber is connected for reflectometry measurements. The
glass windows in the chamber allow for monitoring the meniscus formation process via

cameras, so that the printing process can be started remotely.

The samples are printed as before under differently saturated gas streams. Helium is
used as gas instead of nitrogen to lower scattering from the atmosphere. The sample
system is PSBHT:PCBM, which is coated on a silicon substrate under the same conditions
as the previously described UV-Vis spectra. The incident angle for the experiment is 0.35°
and the sample-to-detector distance is around 1.8 m, which results in an observable g-
range of 0.08 - 2.50 nm™. This g-range corresponds to a real space distance of 2.5 - 78.5 nm.
Figure 5.16 shows the resulting vertical line cuts of the time resolved measurements for
printing under a dry gas stream (figure 5.16a) and a saturated gas stream (figure 5.16b).
The vertical line cuts contain information about the vertical size distributions in the

sample and are performed next to the rod beam stop.

A clear delay in the solidification is observable when comparing the vertical scattering
development with time. A flow of saturated gas slows down the complete solidification
process by approximately 15 s. Printing under a dry gas flow shows a rapidly increasing

scattering signal, while printing under a saturated gas stream initially shows a decelerated
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process. After a rapid increase in the vertical scattering intensity, the sample already
reveals its final structure. A slower drying of the printed films is expected to positively

influence the device performance if implemented in organic solar cells. [137,142]

Comparing the results of the UV-Vis measurements with the scattering experiments,
it is evident, that the chamber is able to influence the atmosphere as intended. The
structure evolution can, in both cases, be delayed by nearly 20 s just by using a saturated
gas stream over the sample while printing. A detailed experiment and the impact of a

saturated atmosphere on the film structure can be found in chapter 8.

5.4 Summary

An experimental setup for printing organic solar cells and simultaneously characterizing
the films in situ while drying is built. Using this setup, numerous parameters while
printing can be controlled. The basic setup already offers the possibility to vary the
sample stage temperature which influences the drying speed of the printed films. This

can be used to understand the impact of the drying dynamics on the structure formation.

A modification of the setup yields to the possibility to apply an external electric field
while printing. By varying either the applied voltage or the distance between the top
and the bottom electrode, a wide range of electric fields can be applied. The possibility
to connect the print head to the top electrode and the conducting ITO to the bottom
electrode furthermore allows a current flow while processing. This feature enables to

influence the structure formation of thin organic films.

In order to control the solidification process an atmospheric chamber for the slot-die
coater is designed and built, that can be implemented into a synchrotron beamline. An
in situ characterization of the nano-structure evolution is possible. With the setup, the
fabrication of solar cells can be transferred into a synchrotron beamline offering a detailed
analysis of the fundamentals of structure formation while controlling the environment to
approach optimized film production conditions. It is furthermore possible to characterize
the optical properties of the drying films in situ by either reflection or transmission in
a wide range of wavelengths. The setup is tested and for both, optical and scattering
experiments, a delay in solidification of a sample PSHT:PCBM film is observed upon the

variation from a dry to a saturated gas stream while printing.

The proposed sophisticated experimental setup enables to tailor the nano-structure
of freshly printed thin organic films while tracking its formation on a nano-scale. Us-
ing this setup, the self-assembly process in thin films can be influenced by tuning sev-
eral macroscopic thermodynamic parameters (temperature, humidity, printing speed, flow

rate) which enable the production of functional films with enhanced properties.



6 Structure formation dynamics in
printed films

The morphology of polymer:fullerene bulk heterojunction (BHJ) thin films has an enor-
mous impact on the organic solar cell devices and is thus of significant interest. [34,36,156]
As described in chapter 2.2, a BHJ generally consists of a donor and an acceptor. Typical
and widely studied materials are poly(3-hexyl-thiophene) (P3HT) as donor polymer and
[6,6]-phenyl-Cg; butyric acid methyl ester (PCBM) as acceptor fullerene. [21] The materials
are blended together in solution and while the solvent evaporates, the materials may phase
separate forming an interpenetrating network, the BHJ. A key for improving organic solar
cells is to control the nanomorphology. Several approaches aim to tune the morphology af-
ter processing, for example thermal or solvent annealing. [157-160] The thermodynamics
involved during evaporation of the solvent play an important role in generating the BHJ.
Thus, the final film structure and the energetic ordering might be influenced by the choice
of solvent or solvent additives. [38,83,161-164] The influence of a processing additive on
the polymer’s crystallization was investigated using X-ray scattering of slot-die coated
and roll-to-roll processed films. [136,165] All the information so far, however, are gained
out of static measurements. Accessing the formation process of such an organic thin film
is still an open problem which to solve is highly desirable. A particular interest in the
dynamics is upon moving from lab-scale processing methods towards industrially scalable
processes like spray coating or printing methods. A lot of work deals with the dynamics on
lab scale processes which lead to a significant knowledge. Still, transferring to large-scale
is difficult as the drying kinetics differ for latter ones. [13,16,166] Each and every coating
process differs possibly even fundamentally with respect to the solvent evaporation rate
and thus might deviate in the solution driven self-assembling of the active layer. [167-169]
For solution cast and blade coated as well as for spin coated films the development of the
morphology upon solidification has been probed. [37,39, 40,140, 166,170, 171] It was ob-
served, that initially edge-on oriented crystals form, followed by less oriented ones which
lead to the conclusion that the crystallization starts at the interfaces. [37,39,172] Slot-die
coating exhibits a huge potential for organic electronics as it is already widely established

in the printing industry. Time-resolved measurements of the structure evolution in slot-
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die coated P3HT:PCBM active layers are so far missing. [173] However, with respect to
tailoring the film assembling process, a deeper knowledge about the structure formation

process is of utmost importance and thus the next step in this thesis (figure 6.1).

understanding
nano-structure
formation

Figure 6.1: This chapter deals with the formation of the nano-structure in order to understand
the necessary processes.

This chapter is based on the publication "Following the Morphology Formation In Situ
in Printed Active Layers for Organic Solar Cells”, Advanced Energy Materials 2016, 6
(1) 1501580. [142] It presents in situ scattering measurements of the drying dynamics of
slot-die coated thin organic films. The experiment is an ongoing collaboration with the
group of T. P. Russell at the Department of Polymer Science and Engineering at Univer-
sity of Massachusetts Amherst and Material Science Division of the Lawrence Berkeley
National Laboratory (LBNL) as well as the group of Dr. A. Hexemer at the Advanced
Light Source (ALS) of the LBNL. They serve to demonstrate the capabilities of the printer
with a model system and serve asa basis for further examinations. Two different sam-
ple preparation routes are used to study the film formation process. Details about the
experimental procedure are given in section 6.1. It describes the used setup as well as
the sample preparation routes and the specific scattering settings. The following section
6.2 presents the results of the experiments. First, in situ GIWAXS experiments reveal
information of the polymer crystallization process. Tracking the thickness gives further
insight into the possible concentrations and helps to classify the different observations
in the crystallization and phase separation process. To understand the phase separation
process, the fullerene aggregation is monitored using GISAXS. The results of these ex-
periments are presented subsequently. The following section shows the influence of the
different preparation routes on the solar cell performance. Section 6.2.4 combines the
experiments and concludes with the proposition of a model of the structure evolution as

an outcome of the experiments.

6.1 Experimental details

Slot-die coating offers the possibility of depositing a thin film on a substrate while con-

trolling several parameters like amount of deposited material or drying temperature.
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Real-time monitoring of the drying kinetics is challenging and state of the art imag-
ing techniques like atomic force microscopy (AFM) or transmission electron microscopy
(TEM) face severe limitations with respect to the time resolution. For this study we
therefore made use of indirect imaging via grazing incidence X-ray scattering, described
in sections 2.4 and 3.2.6. For the experiments presented in this chapter, a custom made
slot-die coater is used. The printer is the first generation of the coater described in
section 5.1 and details can be found there. It was recently presented by Feng Liu
et al. who successfully implemented the printer at the synchrotron beamline at the
Advanced Light Source (ALS) of the Lawrence Berkeley National Laboratory (LBNL).
They were able to map the morphology formation process of the copolymer of diketopy-
rrolopyrrole and quaterthiophene (DPPBT) and [6,6]-phenyl C71-butyric acid methyl es-
ter (PC7;BM). [143] The setup was also used to follow the structure formation of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) films, which showed the
impact of ethylene glycol (EG) treatment on the molecular arrangement of PEDOT crys-
tals. [145] Figure 6.2 shows a picture of the used printer setup with the main components,

the print head and the heatable sample stage.

S . Figure 6.2: Photograph of the slot-die coater

’ \ injection tube used for the experiments in this chapter. The
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stage which is driven past the slot-die head.
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heat up and keep the temperature of the sam-
ple stage during the complete experiment. The
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",'K.
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AT

the printing head via the injection tube. The

complete setup is placed into a helium box for

reduction of the air scattering during the ex-

periments. The orange arrow shows the rough

direction of the X-ray beam.

Materials and sample preparation: The solution for the active layer is produced as
described in chapter 4. Acidic cleaned silicon wafer spin coated with PEDOT:PSS serve
as substrates. The wafer were cut in approximately 100 mm long and 20 mm broad stripes
before placing on the printer’s sample stage. The substrate is fixed on the stage with a
vacuum chuck. For the experiments, the prepared solution is then fed into the slot-die

head using a syringe pump with a pump rate of 0.2 mlmin™. The distance of the slot-
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die head to the substrate is set to around 100 pm and the printing speed to 10 mms™.
These settings result in a film thickness of the PSHT:PCBM films of around 100 nm. In
order to keep the high time resolution for the scattering experiments for GISAXS, the
film thickness is increased to around 300 nm by adjusting the printing parameters. As
seen by Parnell et al., a thicker sample shows similar effects to those found in slower dried

films. [174] This justifies the the change in parameters for the experiments.

To correlate the structure to the performance, solar cells are fabricated on a cleaned
ITO substrate coated with a 30 nm thick PEDOT:PSS layer (section 4.2). The active
layer is printed with the two preparation routes at room temperature and 40 °C substrate
temperature, yielding a thickness of around 100 nm. Aluminum contacts with a size
between 0.23 cm? and 0.65 cm? are evaporated and the devices are sealed using epoxy

glue and a glass slide. The data are averaged over six to nine pixels.

In situ scattering experiments: The in situ scattering experiments are performed at
the beamline 7.3.3 at the Advanced Light Source (ALS). [117] The wavelength for this
experiments is A = 1.24 A which corresponds to an energy of 10 keV. The signal is detected
by a Pilatus 1M detector with a frame rate of 1 s't. This frame rate includes data recording
of 0.97 s and a readout of 0.03 s. In order to suppress background scattering from air,
the printer is placed inside a helium box. Directly after the coating process, the incident
X-ray beam impinges the sample continuously at a fixed distance from the print head
and follows the drying process. Recording the final film for more than 200 s at the same
position ensures that no beam damage occurs which would influence the organic film and

thus the results of the experiment.

For GIWAXS, the incident angle is set to 0.18° and the sample to detector distance
is 294 mm. The data reduction of the 2D-scattering patterns is performed using GIXS-
GUI 1.6.1 from the Argonne National Laboratory which can be used to perform all the

corrections necessary for a correct reduction as described in section 2.4. [94-96]

For GISAXS, the sample to detector distance is set to 356 cm and the incident angle is
0.3°. The data reduction was performed using the software DPDAK from the Deutsches
Elektronen-Synchrotron (DESY) in Hamburg. [120] The horizontal cuts are performed at
the PCBM Yoneda position. [87] In order to obtain high statistics, the cuts are performed
over 19 pixels in height, all checked for not deviating concerning their scattering features.
The data are then modeled in the framework of the distorted wave Born approximation
(DWBA) and the local monodisperse approximation (LMA) based on contributions from
three substructures each described by a certain shape of a form factor (average struc-
ture sizes) and a structure factor (average center-to-center distance) according to a 1d
paracrystal as proposed by Hosemann et al. [108] More details about the model function

can be found in section 2.4.
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6.2 In situ characterization

Two preparation routes are chosen for the in situ experiments. Films prepared with
route 1 are printed with the sample holder kept at room temperature (RT) while the
samples prepared with route 2 are printed with the substrate holder at 40°C. Two different
experiments are performed, GIWAXS, to follow the polymer crystallization, and GISAXS
to follow the phase separation and picture the process at a larger size scale. In the
following subsections, both experiments are presented separately from each other and for
each preparation route. After presenting the results of the solar cells prepared using both
preparation routes, the results are combined and discussed in a broader context which

will then lead to a model of the structure evolution process.

6.2.1 Polymer crystallization process

The 2D-GIWAXS data collected during the experiments are shown in figure 6.3 for the
sample prepared via route 1, at room temperature (RT). The raw scattering patterns are
converted to present the g-range, which gives rise to the missing wedge at low q,. The
black bars in between the scattering patterns are due to the detector gaps, which can not

be avoided due to construction constraints of the detector.

Directly after the coating process, there is still an excess of the solvent, chlorobenzene
(CBZ). The contributions of CBZ on the scattering patterns can be seen in the first
pattern at 0 s in figure 6.3. As CBZ shows no preferred orientation with respect to
the substrate plane, it occurs as a bright ring, which is due to the average separation
distance between the molecules. [143] At the same g-range, scattering from randomly
oriented PCBM clusters is expected. [39,172,175] With time, the scattering signal of the
the CBZ is decreasing in intensity due to the evaporation and hence the reduced amount
of scattering centers in the film. As time proceeds, the solvent scattering signal further
decreases until it is replaced by the scattering of the aforementioned PCBM clusters. A
highly intense scattering signal mainly in vertical direction can be observed in the lower
left corner. This signal results from the GISAXS pattern and is shielded with a beam
stop in order to protect the detector from oversaturation. After around 8 s, a scattering
contribution directly above the GISAXS signal occurs, which is attributed to the (100)
reflection of the first forming P3HT crystals. As time proceeds, the scattering signal of
the (100) peak becomes more and more intense. The signal of the (100) peak broadens
in azimuthal direction at 21 s, which indicates a higher angular distribution of the P3HT
crystals within the film. [30,98] Once the scattering signal of the solvent disappears, higher
order peaks of the (100) P3HT peak becomes visible. After 31 s no changes are seen on

the 2D scattering patterns any more, indicating that the structure formation process is
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Figure 6.3: Two dimensional GIWAXS patterns of the films coated at room temperature at five
distinct stages during the drying process. Initially, the signal mainly consists of a non oriented
ring which is attributed to the solvent, chlorobenzene. Later on, a higher intensity occurs in the
lower left corner, which broadens in the following to a more ring-like structure. The drying time
is mentioned in each of the scattering patterns. The schematics on the lower right shows an
edge-on oriented P3HT crystal. The lamellar backbone spacing in [100] and the -7 stacking in
[010] direction are indicated.

completed. The intensity of the (100) reflection is mainly in the vertical direction, which
means the scattering vector is mainly in the direction perpendicular to the sample surface.
This scattering direction of the (100) peak is known from other deposition methods like
doctor blading or spin casting. It is due to the edge-on configuration of a polymer crystal
and results from the scattering of the ordered backbones of the polymer. [30,39,170] The
edge-on configuration is quite common in polymers used in organic photovoltaics. The
schematics in figure 6.3 depicts exemplary a P3HT crystal in the edge-on configuration,
in which the backbones are parallel and the side chains perpendicular to the substrate.
The (100) peak resulting from the backbone spacing in the [100] direction is characteristic
for the PSHT crystal. It can be seen as an indicator of the polymer’s crystallinity and is
therefore used later on to quantitatively describe the backbone stacking during the film

formation process.
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Following the development of the intensity along the missing wedge, at lowest accessible
qr, presents a clearer image of the development of the scattering signals. Figure 6.4 shows

a two dimensional colorplot of the vertical scattering intensity against the time.

The initial scattering from the chlorobenzene is again clearly visible, which then van-
ishes at around 21 s. The contribution of the (100) scattering peak as the main charac-
teristic peak is observed at a q value of roughly 4 nm™, showing the highest intensity of
the GIWAXS pattern, once the solvent is evaporated. In the colorplot, the development
and the contributions of the higher order peaks (200) and (300) are seen. The PCBM

and the (010) contribution are superimposed and not easily differentiated.

The time development of the integrated intensity profiles in vertical direction along
lowest q, for the sample coated at RT is depicted in figure 6.5 to extract information
from the vertically stacked P3HT backbones. Similar to the colorplot in figure 6.4 the
figure shows the vertically integrated intensity profiles. The intensity is plotted against

the scattering vector ¢, with the colors showing the time development.

The evolution of the scattering intensities can clearly be followed in a quantitative
manner. The (100) peak at q ~ 3.8 nm™! is clearly visible and it can be seen, that
the scattering of this peak is independent of the scattering intensity resulting from the
chlorobenzene. In contrast, the scattering of the higher order peaks (200) and (300)
as well as the (010) reflection resulting from the n-nstacking are superimposed by the

1

chlorobenzene scattering signal at q¢ ~ 13 nm™. Similarly, the signal arising from the

PCBM crystals at q ~ 14 nm™! is superimposed by the CBZ signal.
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Figure 6.5: Time development of the integrated intensity of the GIWAXS signal in vertical
direction along q, at lowest possible g, of the sample printed at room temperature. The colorcode
indicates the drying time with each curve representing a 1 s measurement. The broad peak at
the initial stages (bluish colors) at higher q represents the scattering of the chlorobenzene. The
contributions of the polymer crystal are seen at later stages (redish colors). All the scattering

contributions are marked with their origin of the polymer crystal planes or PCBM.

An important aspect in terms of crystallographic characterization is the orientation of
a polymer crystal. As mentioned, the azimuthal broadening of the (100) peak indicates
a higher angular distribution. The development of the crystal orientation is monitored
using this azimuthal dependence of the integrated intensity of the (100) scattering peak.
Figure 6.6 shows the azimuthally integrated intensities of the (100) peak with time.

Initially, only a low intensity is observed mainly resulting from the outliers of the
GISAXS signal. As the P3HT (100) peak intensity increases, the azimuthally integrated
intensity profile does as well. Within the first 20 s, the peak is narrow. This is a clear
indication of the P3HT crystals being well aligned in edge-on configuration. The initial
strong orientation is well known in other drying processes and is referred to as a crystal-
lization at the interfaces, either of the film/substrate or the film/air interface. [172] After
21 s of solvent evaporation, the peak broadens in azimuthal direction. Thus, the crystal
orientation shows a higher angular distribution.

In order to quantify the changes, the intensity profiles are fitted with gaussian functions
around 0°. Figure 6.7 shows the resulting FWHM of the fits over time. The complete
process can be divided into different stages, which will be refined in the analysis of the

vertically integrated intensity profile afterwards.
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Figure 6.6: Azimuthally integrated scattering intensities of the (100) peak at ¢ = 3.8 nm™
of the sample coated at room temperature with time. The peak starts to broaden after 21 s
indicating a higher angular distribution of the polymer crystals. The missing data points around

0° are due to the non accessible q range (missing wedge).
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Figure 6.7: FWHM of gaussian functions fitted to the azimuthally integrated GIWAXS cuts of
the (100) crystal plane around 0°. The orange arrows are guide to the eyes to see the rough
development of the FWHM. Different phases are identified in the development of the FWHM

and marked by the vertical dashed lines.
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In the beginning, no peaks could be fitted as the intensity is too low. No crystals have
formed yet during this initial phase. The first results are obtained for the curve slightly
later than 8 s but the FWHM is still very volatile in width and hardly increases in the
next stage. A strong increase is observed starting shortly before 21 s, when the FWHM
slightly increases to roughly 14°, at which it then stays constant in the final phase, yet
with strong deviations. The classification of the stages will be refined and become more

clear in the following.

Subtracting the q* dependent intensity decrease in the vertically integrated scattering
profiles, the contributions of the peaks can be followed by fitting the curve with a Gaussian
for each peak using a Levenberg—Marquardt algorithm. Figure 6.8 shows an exemplary
fit of the scattering curve at 60 s. All the peaks of the polymer crystal can be depicted
and thus show the quality of the fitting procedure. By fitting all the data using the
fitted parameter of each frame as input parameters for the subsequent fit, the scattering

development is tracked.

As the (100) peak is clearly distinguishable from the other scattering signals and as
it contains the necessary information of the vertical crystal packing, the development of
this particular scattering feature is followed. Using the peak position, which is related to
the real space backbone spacing d by d = 2rq?, the amplitude indicating the amount of
formed crystals and the full width at half maximum (FWHM) correlated to the crystal
size via the Scherrer equation 2.34, an image of the crystal formation will be produced.
The FWHM of the fitted Gaussian is related to the persistence length of the lattice. This

length is usually converted to the crystal size using the Scherrer equation 2.34, which is
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strictly true only for a perfectly ordered crystal. [176] Furthermore, corrections for the
peak broadening due to instrumental settings or paracrystalline disorder are not taken
into account. Thus, the crystal size is not the absolute size, but a useful estimation of the
lower limit and can be used as relative size for the structure evolution. For the sample
printed at room temperature the parameters obtained from the peak fitting are depicted
in figure 6.9.

Overall, five different stages can be identified, where stage V corresponds to the final
film. The intensity of the fitted Gaussian is related to the volume fraction of crystalline
polymers within the organic thin film and its development with time is shown in figure
6.9a. The first P3HT crystals exhibit a scattering intensity of the (100) planes after around
8 s. It is known, that this initial crystallization usually occurs, when the solubility limit
is reached. [40,172] Hence, until this point, only the excess solvent has been evaporated.
This point, the onset of crystallization is set as the beginning of stage II. During stage II,
the (100) peak intensity increases moderately. The peak position is depicted in figure 6.9b.
In stage II, the peak initially is found at q ~ 3.75 nm™ with very high uncertainties due
to the low intensity of the peak. During stage II, the tendency of the peak position shift
is not obvious. While solvent is evaporating, the thickness of the printed film is shrinking
which causes a shift in the sample to detector distance. This change is not taken into
account for the g-values shown in 6.9. However, these changes are merely on the order of
0.02 nm™ and thus smaller than the error bars. Even though the error bars do not allow

for a clear statement, we suggest that the initially formed crystals are not yet optimally
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packed and thus show a larger backbone spacing. The increase of the calculated size with
time is shown in figure 6.9c. Similarly as for the peak center, the crystal size shows big
uncertainties in the beginning (stage II). In stage III however, a rapid growth of crystal
size along with a sharp increase of the scattering intensity is observed. In stage IV, the
coherence length and scattering intensity saturate. Only the peak position of the (100)
P3HT peak gradually shifts to larger values. This is related to a decrease of the backbone
spacing at the beginning of stage IV of d = (1.68 £ 0.01) nm to (1.62 £ 0.01) nm. This is
in the range of previous studies of P3HT crystals before annealing. [39,175] The smaller
backbone spacing can be explained by a reduction of stacking defects of the polymer
backbones leading to denser packed polymer crystals. The crystal size estimated by the
Scherrer equation is around (8.4 4+ 0.3) nm and smaller than solution cast or doctor
bladed films. [39,40] The end of this optimization process which is also referred to as
self-annealing is the transition to stage V, the last stage consisting of the finally obtained

structure.

In order to test the findings again a faster fiml evolution and to bring the above ob-
servations to a more general view, the same experiments are performed with samples at
the second preparation route. These samples were printed using the same parameters,
but a slightly higher temperature of the sample stage, namely 40°C, for which we expect
different drying kinetics. [169] Equivalent to the sample coated at room temperature,
the resulting integrated scattering intensity profiles along q, at lowest g, are fitted with

Gaussians. Figure 6.10 shows the resulting parameters with time.
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The structure formation process is accelerated as it is expected for the elevated temper-
ature of 40 °C. As for the sample prepared at room temperature, the structural evolution
can be split up into five stages. Stage I is again dominated by the solvent evaporation
as seen by a rapid decrease of the CBZ scattering signal. In stage II the initial crystals
form. This process is, compared to the sample prepared at room temperature, much
faster. Parallel to this formation, much better defined g-values of the peak center (figure
6.10b) as well as the crystal size (figure 6.10c) are observed. The initial crystal size is
larger compared to the crystal size of the samples coated at room temperature. As for
the sample coated at RT, the initial lower peak center in stage Il indicate the formation
of not yet optimally packed crystals. During stage III, the peak position becomes well
defined, along with a rapid increase of scattering intensity and further crystal growth,
comparable to the sample printed at RT. The final intensity is reached in stage IV. The
crystal size is (12.2 + 0.2) nm and the final backbone spacing reached towards stage V is
(1.64 + 0.01) nm.

In the following, the results of the two preparation routes are compared. A larger
crystal size in [100] direction is observed for the sample coated at higher temperature.
This is even though the crystal formation process is much faster compared to the RT
sample. A possible reason for this is the increased mobility of the polymer due to the
higher temperature. The packing of the final crystals in the sample coated at 40 °C is,
however, slightly larger showing a less optimal packing possibly due to the rapid crystal

formation process.

Comparing to different coating methods, the temperature dependency is similar in doc-
tor bladed films. [39] The growth process in the presented experiment, however, exhibits
two growth rates which is different to the known one in solution cast films. [40] One should
keep in mind, that the drying kinetics of slot-die coated films differs from the slower dry-
ing solution cast films. For slot-die coated films, the drying front is following the printing
direction, as the initially deposited material starts the drying process.

The scattering results of the presented GIWAXS studies are reproducible within the
respective preparation routes and they all show similar stages for the respective tempera-
tures. Hence, we see the described formation process to be a more general case in slot-die

coated films.

Thickness tracking

When talking about the crystallization, an interesting information are the solution proper-
ties that are present, when certain crystallization phases occur. In the vertical scattering

profiles shown in figure 6.5, the contribution of the scattering from chlorobenzene (CBZ)
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is observed. The scattering signal is due to the average separation distance between the
CBZ molecules. [143] Furthermore, the solvent does not have a preferred orientation as
seen in the two dimensional scattering patterns (initial stage in figure 6.3). This means,
that the solvent content can be estimated in the vertical scattering profile. At higher
g-values (q = 19 nm™), the signal is not superimposed by scattering from the PCBM or
from contributions of the polymer. Thus, tracking the intensity at this g-value gives a
rough idea about the solvent content present in the sample. For the sample printed at

room temperature, the development of the signal with time is shown in figure 6.11.

The stages marked in the intensity development picture are the ones found for the
GIWAXS scattering profiles (figure 6.9). The initial stage exhibits mainly evaporation
of CBZ, seen by the rapid decrease in intensity. The onset of crystallization starting
with stage II leads to a slower evaporation rate of chlorobenzene, as indicated by the
decreased slope of the intensity versus time (figure 6.11). This is also seen in solution cast
samples. [40] It is thought, that the formation of crystals hinders the diffusion of CBZ
molecules to the film surface, where they are able to evaporate. Therefore, the observation
of crystallization at the interfaces is supported by the decelerated evaporation rate. The
intensity further decreases and reaches a low value in stage III, in which a rapid crystal
growth has been observed. This might be due to the high concentration of polymers left
in the film. To estimate the concentration of solid materials in the film, the thickness
was tracked simultaneously using Vis-NIR reflectometry. The obtained thickness from

the film dried at room temperature is depicted in figure 6.12.

Although the initial measurements are not accurate, a good idea of the initial thickness
is obtained by recalculation and comparison with other measurements. The film thickness
reaching the final value at around 15 s and thus slightly earlier than the scattering signal of
CBZ is explained by the sensitivity of the measurement technique. The scattering signal

is still present with a low amount of CBZ molecules, whereas this amount of molecules



6.2. In situ characterization 97

6000 ———— : = : 10° 5
/ : \ !
5000f b I g
I \\ ! T
— 2000 Lo, | & Figure 6.12: Thickness values ob-
IS B ! \ I - . .
=) [ Y I = tained from Vis-NIR reflectometr
I \ M
0 ) | x
0 L i 1 .
@ 3000 ! s Ke " = (blue points) and the calculated
Y N\ &
o I . A > . . .
£ 2000] , W < = thickness - mass fraction (orange triangles) in
I A . = . .
| & Ny [~ massfraction ©  logarithmic scale. ~ The measure-
1000} | st N = - :
L oy A\ " ments of the initial thickness are not
& A A7 \ @
0 L w Yy oy e e £ accurate and recalculated for the cal-
0 5 10 15 20 25
time [s] culation of the mass fraction.

can not be resolved by Vis-NIR reflectometry. The fitted refractive index was around
n =~ 1.3-1.5 for the dissolved film and n ~ 1.7-1.9 for the final film, which is a mean value
over the complete wavelength range. Out of the resulting thickness d(t) the mass fraction
of the active layer’s solids xpsyr.pcBa is calculated by:

Mesolid
6.1
Msolid + Msolvent (t) ( )

Xpsur-pem(t) =

where m,iq is the mass of the solids (P3HT and PCBM) and mppen: is the mass of CBZ,
which depends on the film thickness at given time ¢ with:

d(t) — d(t — o0)

msolvent(t) = msolvent(t = O) : d(t _ O) _ d(t - OO) : (62)

The initial film thickness is d(t = 0) and the final film thickness is d(t — o0). Initially,

the mass concentration is

Msolid — 16 mg 16 m7g
msolvent(t - 0) B 0 -ml a 1110 mg

with the density of chlorobenzene § = 1.11 g mI"!. Thus, the mass fraction of the solid is

calculated from the measured thickness with:

Mesolid _ (1 I 16 d(t) — d(t — OO) >_ (63)
)

XPSHT:PCBM(t) = d(t)—d(t—00) ' =
lsi%l(:d . d(t:O)—d(t—O)Ooo 1110 d(t — 0) - d(t — OO)

The calculated mass fraction of the solid materials with time is plotted in figure 6.12
in logarithmic scale. This calculation serves only as an estimation, but it still is evi-
dent, that the solid mass fraction increases rapidly once most of the solvent is already
evaporated. This rapid increase happens during stage III, when the crystallization shows
a strong acceleration as well. Combining the thickness measurements with the results

of the GIWAXS experiments leads to the suggestion, that the final crystals form after
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a significant portion of the solvent has evaporated and the solubility limit is reached.
This onset of crystallization yields a deceleration of the evaporation rate. From the az-
imuthal peak width we draw the conclusion, that these crystals are well oriented with the
backbone parallel to the substrate, yet not well packed as seen from the Gaussian fits of
the vertical intensity. Before the solvent is fully evaporated, the crystal size strongly in-
creases together with a sharp intensity increase. That shows the significant improvement

of ordered crystals in the not yet fully dried film.

6.2.2 Phase separation and fullerene aggregation

A further important aspect in terms of nano-morphology of organic thin films, besides the
crystallization, are the kinetics on a larger length scale, the phase separation. In order
to probe the formation process on this scale, a second scattering experiment, GISAXS, is
performed. Therefore, a g-range of q ~ 0.25-0.3 nm™ is probed during the film solidifica-
tion. This g-range is chosen, as contributions from PCBM clusters are expected to occur
on that scale. [34,37,177,178] The highest material contrast is contained in the Yoneda
region, which is related to the material’s critical angle. [87] Thus, horizontal cuts in qy y-
direction are performed at this position, to follow the lateral evolution of the material

with time.

Figure 6.13 shows the intensity development with time of these horizontal cuts in a 2D

colorplot for the sample undergone preparation route 1 at RT.
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Figure 6.14: Effect of logarithmic binning on the horizontal line cut at the 10 s frame with
different number of bins. The blue crosses represent the original scattering data and the orange
points the binned data with their error bar. The higher the number of bins, the closer the original
data are mapped having a high g-resolution, a low number of bins might induce artifacts that

are not present in the data.

Initially, only a low intensity is observed. this is due to the well dissolved material,
which does not yet show a regular ordering. It then slowly increases, starting around
10 s after recording, until approximately 30 s. Thereafter, a rapid increase of intensity
for the next about 20 s occurs until the final structure is observed. It is already obvious,
that especially in the beginning the intensity of the scattering is very weak. In order
to overcome this challenge of low statistics, the data needs to be treated before further
processing. A method established in neutron scattering, where a low flux is well known,
is data binning. [179] As the low scattering intensity only becomes an issue at higher g-
values, only these values need to be taken into account for binning. For the data treatment
presented here, a logarithmic binning is applied to the data. Figure 6.14 shows the data
at an early stage (10 s) after the start of the printing process.

The bins are evenly spaced on a logarithmic scale beginning at q = 0.1 nm™ until the
last data point. Starting at that particular g-value keeps the g-resolution at low g, at
which the scattering intensity is still high enough for good statistics. Choosing logarithmic
bins on the other hand, varies the bin size and thus keeps a higher initial g-resolution,
at which the scattering intensity is still reasonably high. Towards higher g-values, the
high g-resolution is not necessary anymore, but the fluctuations due to the low intensity
of the scattering data become an issue. By increasing the bin size accordingly, theses

data points are accordingly considered. Figure 6.14a-c shows the effect of changing the
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Figure 6.15: Scattering curves at three different times (blue crosses) and their respective binned
data (orange points), each of them having 45 bins. Especially at later stages, the scattering
features seen in the horizontal line profiles exhibit the same characteristics as the original data.

number of bins. A high number of bins (figure 6.14c) pictures the real scattering data
more accurate, but no further advantage or clear structure can be obtained. On the other
hand, a low number of bins (figure 6.14a) might result in artifacts, that are not present in
the real scattering data (see for example at q ~ 0.2 nm™). This can be due to defective
detector pixels, the detector gap or other errors, which would overestimate the number of
scattering events. For analysis of the data, a medium number of bins, namely 45 bins, is
chosen (figure 6.14b).

To check the accuracy of the data treatment with the logarithmic binning using the

start value ¢ = 0.1 nm™

and a number of 45 bins, scattering profiles at different times
are investigated concerning the correct representation of scattering features. Figure 6.15

shows exemplary how the binned data coincide with the original scattering data.

Especially for later stages, at which binning of the data is not urgently necessary, it
can be seen that the binned data do not contain features that are not present in the
original scattering data (figure 6.15c). The choice of the bin size is therefore considered
as reasonable for analyzing the data without a loss of the high time resolution and are
therefore considered for the analysis of the GISAXS data in the following.

Figure 6.16 shows the horizontal cuts every 10 seconds with their respective modeled
data. Furthermore, the final film, as obtained from the sum of in total 100 second record

time is shown with its model. The structure development, appearing as the shoulders in
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106
Figure 6.16: Horizontal GISAXS cuts of the sample coated
105 at room temperature. The black points are the data obtained
—_ from the scattering patterns every 10 s from 0 s (bottom)
) 104 to 60 s and the cut of the final film (top). The data of the
g time evolution from 0 s to 60 s are logarithmically binned
_‘E 10° for statistical improvements without change of scattering fea-

tures present in the original data. The final film is obtained

10° g by summing up the scattering data of in total 100 s after the
10t structure formation process was terminated. The orange lines
represent the modeled data for each of the scattering curves.
100 The prominent shoulder and its movement with time is de-
10t 10° picted by the blue arrows. For clarity, the data are shifted

Oy [nm™] along the intensity axis.

the scattering data can be followed as highlighted by the blue arrows. With time, theses

features shift towards smaller g-values, meaning to larger structures.

The final film (top scattering curve in figure 6.16) is unbinned and shows high statistics.
Therefore, modeling this scattering curve with the same features as found by modeling the
binned data of the structure evolution, supports the choice of parameters applied during
modeling the structure formation. The used model consists of a form and a structure
factor of the main feature. These factors can be related to cluster radii and their respective

lateral distance.

The resulting structure sizes obtained from modeling the scattering curves at room
temperature are depicted in figure 6.17. The film formation is divided into five stages,

which are marked in the figure.

Already in the beginning of the process, some structures in the intermediate g-regime
are observed (figure 6.17a). Due to the low intensity of the scattering signal, a rare
occurrence of these clusters is concluded. The large separations (figure 6.17b) found for
this clusters further support this argument, which is expected for a well dissolved system
still containing a lot of solvent. This is denominated stage I of a five stage process. The
solvent evaporation continues during stage II, in which the cluster radius increases slowly
from (2.1 £+ 0.6) nm. A rapid decrease of the lateral distances is found in this stage which
is attributed to a nucleation process that takes place in that phase. This nucleation
process continues until a minimum lateral cluster distance is reached which is marked as

the transition towards stage III. Different clusters aggregate in this stage which yields
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a quick increase in diameter along with a slight drift of these clusters apart from each
other. This behavior is characteristic for a ripening process. The final separation of the
aggregates has a distance of (18 + 2) nm and is reached already in stage IV. During that
stage, the cluster radius still slightly increases. The final cluster radius is obtained in
stage V and found to be (5.8 + 0.3) nm.

The same experiment is performed for a sample in preparation route 2, which is coat-
ing at a substrate temperature of 40 °C, for which the solidification is monitored using
GISAXS. The development of the parameters with time obtained from modeling the hor-
izontal GISAXS cuts are depicted in figure 6.18.

The structure formation can be divided into five stages, similar to the film coated at
room temperature. Generally, the cluster evolution is accelerated compared to the sample
coated at RT, due to the higher temperature. Already in the still well dissolved film, small
clusters are observed (figure 6.18a). As the shoulder’s intensity increases, the radius can
be determined to be (2.4 £ 0.7) nm, which initializes stage II. Simultaneously, the lateral
distance of the observed clusters decreases (figure 6.18b). A smoothly growing cluster
radius is characteristic for stage II, while it rapidly increases in stage III. A minimum in
the cluster distance is found to occur at the transition to stage I1I, which again indicates
a ripening process. The second to last stage shows a constant lateral spacing, while the
cluster radius in this stage IV slowly grows. The final separation is found in stage IV with
a lateral distance of (17 £+ 4) nm. The cluster growth is terminated in stage V, having a
radius of (4.7 £ 0.4) nm.

Comparing the samples prepared under the different preparation routes, RT and 40 °C



S
N

In situ characterization 103

Q
N

1
g

radius [nm]
o r'\) L'u A U1 O

A\

et Figure 6.18: Cluster radius (a) and lateral dis-

S

tance (b) with time, obtained from model-

= ing the horizontal GISAXS cuts of the sample

[nm]
w B
P

coated at a substrate temperature of 40°C.

iy

o)
%20' l HHHHHHMHHH 1 The structure formation is accelerated com-
_‘510_ % % i pared to the sample prepared at room tem-
© | I 1V \% perature but still shows the characteristic five
0O 5 10 15 20 25 30 35 40 stages (I-V), which are marked with dashed
time [s] lines.

substrate temperature, very similar morphological evolution is found. For both samples,
five characteristic stages are seen, each of them containing the same underlying processes.
The sample prepared at higher temperature exhibits smaller cluster sizes as the one pre-
pared at RT while the lateral spacing is similar. Due to the parallel development within
the respective stages, the observed structure formation process can be generalized. The
behavior of the cluster sizes with temperature is different as seen for the crystallization of
the polymer crystals. There, the P3HT crystals were larger at higher temperatures. Out
of this inverse behavior, we can conclude, that the clusters observed with GISAXS are
PCBM aggregates, not P3HT crystals. As P3HT in the amorphous phase also contains a
certain fraction of PCBM, the observed clusters might also be a result of scattering from
a mixed phase of PSHT and PCBM. [72,180,181] With a higher degree of crystallinity,
the miscibility of PCBM is lowered. [182] Compared to other studies, the sizes and lat-
eral distances found for the clusters in GISAXS are in good agreement for PSHT:PCBM
films. [72,131,177,183,184] The observations of inverse size to temperature dependence
of P3HT crystals and PCBM aggregates is consistent with the concept of a crystalliza-
tion driven phase separation. As the larger P3HT crystals in films prepared at elevated
temperatures hinder PCBM diffusion, these molecules are prevented to aggregate. This
diffusion is even further suppressed as the solvent evaporation rate is increased compared
to the RT sample. Resulting from the competition of crystallization kinetics and PCBM
diffusion and aggregation, the formed PCBM aggregates are smaller for samples with

larger crystallites.
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6.2.3 Solar cell performance

The impact of the different production routes on the device performance is tested in solar
cells. The cells are measured as prepared and after thermal annealing at 110 °C for 10 min.

Figure 6.19 shows the parameters obtained from the characterization.
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Figure 6.19: Characteristics of the solar cells prepared with the different preparation routes
before and after thermal annealing showing the efficiency (a), the short circuit current density
(b), the fill factor (c) and the open circuit voltage (d). Samples printed under RT conditions
are pictured with the orange upward triangle, samples printed at 40 °C with the blue downward

triangle. The data are averaged over six to eight pixels.

As known for organic solar cells with PSHT:PCBM active layer, the device performance
is extremely improved by thermal annealing due to an optimized packing. [158,185] The
in situ scattering experiments performed in this work show the samples before annealing
at high temperatures, although the sample prepared at 40 °C already underwent a slight
annealing procedure. The data show, that the devices produced at room temperature
exhibit a lower power conversion efficiency of ngr = (0.65 £ 0.06) % compared to the

40 °C sample with ngooc = (0.70 £ 0.06) % before thermal annealing. The same is true
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for the open circuit voltage V,. and the short circuit current density .J., which is around
8 % higher for the 40°C sample. While the former one stays at a lower value as for the
40°C sample even after annealing, the latter one as well as the efficiency gain a higher
improvement (ngr = (1.3 £ 0.1) %) from the annealing process compared to the one of
the 40 °C sample (nsec = (1.1 £ 0.1) %). The fill factor of the solar cells prepared at RT
is slightly higher than for the one coated at an elevated temperature and the improvement
due to annealing is even stronger for the RT sample. For printed solar cells using this

active layer, typical power conversion efficiencies are in the range of 1.6 - 2.1 %. [85]

6.2.4 Structure evolution model and conclusion

The performed measurements can be combined to get a complete picture of the structure
formation process in slot-die coated PSHT:PCBM photoactive layers. In general, all the
performed experiments exhibit five stages of structure evolution, fully independent of the
drying speed. This leads to the assumption of a general film formation process that is
pictured by the experiments. An important outcome of the investigations is a structure
evolution model based on the previously described observations. Figure 6.20 schematically
shows the complete formation process of the nanostructure. In the model, the solvent is
shown as green points, the polymer backbone chains are represented by the dark lines,
which are - in case of crystallinity - framed by a black box. The PCBM aggregates are
highlighted by blue cylinders, PCBM molecules however are not shown.

In summary, the experiments are combined to get the following picture of the five stages

of the structure formation process:

Stage I: During the first stage, mainly the solvent evaporates. This evaporation does
not yet have an influence on the polymer /fullerene aggregation or crystallization as it is
only a matter of excess solution and the critical concentration is not yet reached. [40] A

occurrence of small PCBM aggregates is however already observable in the solution.

Stage II: The first ordered P3HT structures form in the early phase of stage II, when
the critical solution concentration is reached. The onset of crystallization is seen in the
reduced solvent evaporation rate. The crystals hinder the solvent molecules from diffusion
to the surface, from where they would evaporate. The initially formed structures are
highly edge-on oriented. The reason for this good alignment is the crystallization at either
the solvent /air or the solvent /substrate interface and is known to appear in blade-coated
films. [172] PCBM molecules start to aggregate and the forming P3HT crystals consist of
not optimally packed backbones with a larger spacing. In the ongoing process, the PCBM
cluster size increases, while their lateral distance shrinks. This observation is explained by

a crystallization induced phase separation rather than driven by spinodal decomposition.
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Figure 6.20: Model of the structure formation process with time for slot-die coated P3HT:PCBM
films. On the left the stages are indicated. Very active stages are split up into initial to final
phase. The green points represent the solvent, the dark lines the polymer backbones. The black
frames around the polymer chains represent crystallized polymer. The fullerene aggregates are
shown by blue cylinders. For simplicity, only one layer of the complete bulk is shown. The

substrate is indicated as the gray bottom.
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[172] It is well known, that the P3HT crystals can not enclose PCBM molecules due to
their limited space. The maximum amount of PCBM within a crystal part of the PSHT
is found to be 3 - 4 %. [181, 184] Schmidt-Hansberg et al. investigated blade-coated
films, for which they saw indications of PCBM molecules that are squeezed out of the
polymer crystallization areas, followed by fullerene aggregation. [172] Furthermore, Kohn
et al. observed a crystallization induced structure formation which they related to the
limited miscibility of P3HT and PCBM. [180] Our interpretation of stage II, that the
increasing size of the P3HT crystals drives the PCBM molecules away from the growth
area, which induces further aggregation, are supported by these findings. This is seen in
the GISAXS data, at which the lateral distances of the PCBM, containing P3HT crystals
that determine the separation length as spacer, decreases while their size increases. In
spin coated films, that are post annealed, it was seen that the diffusion of PCBM away
from the crystal growth front and the growth rate determine a characteristic size. [186]
The P3HT crystal does not contain PCBM molecules, the amorphous phase, however,
might contain PCBM molecules. That is why the polymer chains depicted in figure 6.20
overlap with the PCBM aggregates.

Stage III: A rapid further polymer crystallization occurs during stage III. The not yet
optimized packing of the crystals is seen by the larger backbone spacing compared to the
final film. The rapid crystal growth forces the PCBM clusters to move together yielding a

fast increase of PCBM cluster radii and a slight increase of their according lateral distance.

Stage IV: During stage IV, the crystals improve their packing, which is referred to as a
self-annealing process. The increasing g-value to the final one is related to the shrinking
of backbone spacing. The final reformation of the polymer crystals and the evaporation
of the final solvent molecules induces the PCBM clusters to further move together, which

is seen by the slight growth of cluster size.

Stage V: The transition from stage IV to stage V, in which the final film morphology
is obtained, is an ongoing relaxation process. Collins and coworkers found a solubility
of 16 - 22 % of PCBM in amorphous P3HT regions, which was confirmed by Ruderer et
al. [72,181] Therefore, the findings presented in this chapter are in good agreement with
the coexistence of the three phases of pure P3HT crystals, pure PCBM aggregates and
an intermixed phase of amorphous polymer and PCBM molecules. [37,83,174,180, 187]

Solar cells: The reason for the higher short circuit current Jg. and thus power con-
version efficiency of the untreated 40 °C sample can be found in the crystallite sizes for
each of these samples, which was smaller for the RT sample. The crystallinity is an im-
portant factor influencing the mobility within a polymer. [30,188] It is possible, that the
larger crystals are beneficial for the 40 °C sample. With thermal annealing, however, the

improvement of the RT sample is better compared to the 40 °C sample, yielding higher
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efficiencies. The initially larger crystals of the latter sample might be problematic for
the diffusion and thus hinder the morphology to further optimize. The findings in these
experiments suggest to keep the drying kinetics on a slower time scale. Similarly, Li et
al. found the control of the active layer growth rate to be beneficial for the hole mobility

and thus the device performance. [137,189]

6.3 Summary

The crystallization process of P3HT is monitored with in situ GIWAXS, while the PCBM
aggregation is investigated with in situ GISAXS during the solidification of slot-die coated
P3HT:PCBM thin films. Therefore, a custom made slot-die coater is implemented into
a synchrotron beamline. To improve the statistics and keep the high time resolution, a
logarithmic binning procedure is introduced. this data treatment is evaluated and allows
for an improved data modeling of the GISAXS data. The findings of both experiments
show, that in general, five stages of structure development are found, independent of the
investigated length scales or drying temperature. All the five stages are interpreted and

the findings yield to the proposition of a structure formation model.

The crystallization starts at the critical solution concentration. The forming polymer
crystals are well aligned in an edge-on orientation. When the initial crystals form, they
hinder the solvent molecules from diffusion to the surface and thus slow down the evap-
oration process. In the solution, already a few fullerene aggregates are present. The
following stage exhibits a further rapid crystal growth, forcing the PCBM aggregates to
move apart from each other and increase in size. We thus see a crystallization induced
phase separation, which results in length scales, that are dominated by the sizes of the

polymer crystals.

The crystal size of films printed at room temperature is found to be smaller compared
to the sample printed at 40 °C. This is the reason for the better performing solar cells of
the 40 °C sample before thermal annealing. However, the findings show, that these bigger
crystals hinder the PCBM diffusion during the thermal annealing step, which lowers the
improvement of the power conversion efficiency of these samples. Based on these findings,
a low solvent evaporation rate during printing is proposed in order to improve the final

solar cell performance.

This work provides an important part to understand the mechanisms taking place
during solidification of slot-die coated thin organic films. It is an essential contribution
towards tailoring the thin film morphology, which is a necessary step with respect to

device optimization during fabrication.



7 Impact of electric field on active layer

The possibility to process organic solar cells out of solution led to a significant increase of
investigations in the last years, since it allows high throughput at low cost and potentially
short payback time. [13,15] As described in chapter 2.2, the active layer of an organic solar
cell generally consists of a blend of two materials forming an inter-penetrating network
called bulk heterojunction with a high interfacial area between the components. [29] A
key challenge to address is the nanoscale morphology of bulk heterojunctions of conju-
gated polymers, regarding both, the phase separation of the active layer materials and
their molecular packing. [28,30,190-192] The nanoscale order influences the charge car-
rier generation as well as the charge carrier mobility. A created exciton needs to reach
an interface between the materials within its lifetime in order to possibly be separated.
Furthermore, the crystallinity and its orientation with respect to the substrate highly
influences the directionality of high mobility. [30] Then, the charge carrier needs a perco-
lation path within the material to its respective electrode, else it gets trapped and might
yield to charge accumulation. A model system for organic photovoltaics, that is well char-
acterized is a blend of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM). [21] The inner morphology is commonly influenced by the choice
of solvents, solvent additives or solvent annealing. [83,137,157,160,193] Another widely
used approach is thermal annealing as a post production method. [158,159] It is further
improved by simultaneously applying an electric field over the active layer. [194-202] In
order to reduce the processing time of devices, approaches to influence the structure for-
mation in situ become the focal point of interest. Some examples are the use of shear
forces, temperature and reduced solvent evaporation rates. [138,142,189] Molina-Lopez
and coworkers recently found a positive influence on the molecular packing of organic
thin films by applying an electric field during solution shearing. [191] Electric fields were
furthermore used to create lateral structures in the polymer film. [203] Several investiga-
tions show the impact of an electric field on the orientation of polymer crystals and the
influence on organic thin films. [198,204-206]

In industry, electric field applications for improved toner transfer in printing systems
are commonly installed. The use of electrophoretic forces is for example known from liquid

toner. There, it is utilized to move the toner and reuse the solvent after transferring the

109
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toner. [207,208] On this basis, the printer setup is modified to facilitate the application of
an external electric field during the deposition of the organic film as described in section
5.2. The aim of the present chapter is to actively influence the structure formation of the

printed thin organic film (figure 7.1).

influencing

structure
formation

Figure 7.1: This chapter describes a possibility to actively influence the structure formation of

a printed film.

To this end, P3HT and PCBM are dissolved in chloroform, a solvent, in which P3HT
and PCBM exhibit an electrophoretic mobility. This effect is used to actively induce
vertical material composition gradients. The experimental procedure to investigate the
effect of the processing under external electric field is introduced in section 7.1. The
influence on the electronic properties is studied by charge carrier mobility measurements
and organic solar cells in section 7.2. The inner morphology is thoroughly investigated
using scattering methods and the results are discussed in section 7.3. The findings are
interpreted in a schematic representation of the film structure presented in section 7.4.
The findings in this chapter are the basis of a manuscript entitled "Electrophoresis assisted

printing: a method to control the morphology in organic thin films”.

7.1 Experimental details

The used printing setup is introduced in chapter 5. Figure 7.2 schematically shows the
printing process during which the solution is coated, and, an external voltage between
the print head and the ITO of the substrate is simultaneously applied. The print head
is thereby connected to an additional top electrode. The film is exposed to the electric
field for 30 s. Low (£10 V), medium (£50 V) and high (£100 V) voltages are applied
between the print head and the ITO. The proximity of the print head to the ITO (d ~
0.3 mm) leads to high electric fields (0.3 — 3.3 kVem™) in its vicinity. The attached
top electrode has a distance of 2.5 cm to the I'TO. The direction of the external electric
field is pointing forward (towards the ITO) as depicted in figure 7.2 for positive voltages
and backward (towards the liquid/air interface) for negative applied voltages. Printing
without an external electric field is performed as reference film, showing the intrinsic

tendency of the material composition.
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Figure 7.2: Sketch of the print head and at-
tached electrode with the indium tin oxide
(ITO) coated glass as substrate and counter
electrode for the external electric field treat-
ment while processing. The figure shows the
application of a positive voltage, meaning the
electric field is pointing in forward direction to-
wards the substrate. In the vicinity of the print
head, the field is extremely high due to the

proximity of both electrodes.

Slot-die coating: The P3HT:PCBM solution is deposited on the PEDOT:PSS coated
substrates in ambient atmosphere. The distance of the print head to the sample is set
to 0.3 mm, the solution is injected into the print head via a syringe pump with a rate of
0.25 mlmin™. The horizontal speed of the substrate underneath the print head is 10 mm s
resulting in average final film thicknesses of around 150 nm. During the printing process
a voltage is applied between the print head and a connected top electrode (2.5 cm above
the sample) and the ITO of the substrate. The applied voltages are 0 V as reference,
+10 V, £50 V and +100 V, positive voltages result in the electric field pointing towards
the substrate (forward direction), whereas negative voltages result in the electric field
pointing away from the substrate (backward direction). The highest electric fields in the
vicinity of the print head (distance 0.3 mm) are 0 Vem™, £0.3 kVem™, £1.7 kV em™ and
+3.3kV em™ for the respective applied voltages if air is counted as dielectric. The observed
current is less than 10 pA for the highest applied voltage. The films are subsequently

annealed at 140 °C in a nitrogen atmosphere before further processing.

Electronic and spectroscopic characterization: Solar cell devices are produced as de-
scribed in section 4.2 and measured according to section 3.1.4. The electrophoretic mo-
bility is measured with a Zetasizer ZS from Malvern (section 3.1.2). For that purpose,
two separate 12 mgml™? solutions with P3HT and PCBM, respectively, dissolved in chlo-
roform are used. Hole mobility is measured using metal-insulator-semiconductor - charge
extraction by linearly increasing voltage (MISCELIV, section 3.1.3). The active layer is
therefore printed directly on ITO without the use of PEDOT:PSS, with else the same
conditions as above. The samples are cut into 2 x 2 cm? pieces and a 50 nm thick MgF,
insulating layer and 100 nm thick aluminum contacts are evaporated. The mobility mea-
surements are performed using different offset voltages and averaged over all used offsets,

the error is due to the standard deviation.

X-ray scattering and reflectivity measurements: Grazing incidence wide and small angle
X-ray scattering (GIWAXS/GISAXS) measurements are performed at beamline 7.3.3 at
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Figure 7.3: The grazing incidence X-ray scattering experiments are performed in a remote access
beamtime using a robot. The samples are provided on sample boxes containing 4 x 4 chucks on
which the probe is fixed (a).The robot picks up the chucks and a bar code scanner identifies the
sample under investigation (b). After placing the chuck with sample to the appropriate position

the robot moves back to the home position and the sample is aligned and measured (c).

the Advanced Light Source (ALS) of the Lawrence Berkeley National Laboratory (LBNL)
with a wavelength of A = 1.24 A. [117] The scattering experiments are conducted using
a robot and remote access to the beamline. Figure 7.3 shows the robot setup at the
beamline. The samples are provided on separate chucks, each equipped with a bar code
to clearly identify the sample. A robot picks up the chucks with the sample, passes a bar
code reader and places the sample into the beam path. After the robot moved back to its

home position, the alignment and measurement are started.

For GIWAXS, the sample-to-detector distance is 270 mm and the incident angle 0.17°,
above the critical angle of the active layer materials. For the analysis, azimuthally inte-
grated intensity profiles are extracted from the solid angle corrected 2D scattering data
using the GIXSGUI 1.6.1 software of the Argonne National Laboratory, taking into ac-
count the necessary corrections. [94,96] The azimuthal integrals are sin(y) corrected to
account for the in-plane isotropy. GISAXS measurements are performed under an incident
angle of 0.25° at a sample-to-detector distance of 380 cm. The horizontal line profiles are
obtained at the Yoneda position of PCBM to obtain the respective material sensitivity

and modeled as described in section 3.2.6.

X-ray reflectivity is measured and analyzed as described in section 3.2.5. The reflectivity
is modeled using a layer model, where the PSHT:PCBM blend is assumed to consist of
three parallel layers, each with an individual thickness, constant scattering length density
(SLD) and a roughness accounting for the interlayer mixing with an error function. The
model is fitted to the data using Motofit software, which calculates the reflectivity using
Abeles matrix method. [88,90] For the SLD of pure P3HT and PCBM, films made of
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the bare materials are used. The overall SLD within each film is preserved and so is the
integrated PCBM volume concentration as expected for films produced from the same

solution and a 1:1 weight ratio.

7.2 Electronic and spectroscopic characterization

An insight into the functionality of thin films printed under different applied external
voltages is seen by probing the electronic and spectroscopic properties of the respective
films. Focus is put on the photovoltaic performance of the films implemented into an

organic solar cell as an example application.

7.2.1 Solar cell performance

Controlling the inner film structure is desirable for a number of applications, amongst
others for organic solar cells. The presented printing procedures are applied into films
for organic solar cells in standard geometry (ITO/PEDOT:PSS/P3HT:PCBM/AI). The

measured current voltage characteristics are shown in figure 7.4. The I-V curves of the
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Y= i 10V ferent strength and direction of the
Q
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films printed under medium and high forward electric field show a strong s-shape. This
already indicates a restricted charge transport and an accumulation of charge carriers as
known from enrichment layers. [209] The s-shape of the I-V-curve vanishes for low and
backward directed electric fields. The solar cell parameters obtained from the measure-

ments are listed in table 7.1.

The forward directed fields downgrade the performance which as seen in the I-V curves
due to the strong s-shape. It even leads to a drop in the open circuit voltage for a high

forward directed e-field. For illustration of the development of the parameters, figure 7.5
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Table 7.1: Solar cell parameters obtained for the devices printed under application of an external

electric field while processing.

applied external Voc [V] jsc [mAcm?@] FF [%)] PCE [%]
voltage [V]

+100 0.21 £+ 0.02 1.4 £0.2 21 +£1 0.1 £0.1
+50 0.59 £ 0.01 2.4 4+ 0.7 18 £ 4 0.3 £ 0.2
+10 0.59 £ 0.01 8.7+ 0.5 43 + 2 2.2 +0.2
0 0.60 £ 0.01 8.0+ 04 43 + 2 2.1 +£0.2
-10 0.59 £ 0.01 9.4 + 0.7 46 + 2 2.6 = 0.3
-50 0.58 £ 0.01 9.4 + 0.6 48 + 3 2.6 = 0.3
-100 0.59 £+ 0.01 9.2 + 0.5 57 + 2 3.0+ 0.3
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Figure 7.5: Solar cell parameters of the devices for different applied external voltages between
print head /top electrode and the ITO while printing. The (a) power conversion efficiency and (b)
open circuit voltage (Voc), fill factor (FF) and short circuit current density (jsc) are depicted.
The error bars result from standard deviations of the experimental values. The dotted lines are
guides to the eye.
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Figure 7.6: Relative solar cell parameters of ITO/PEDOT:PSS/P3HT:PCBM (1:1)/Al devices
for different applied voltages between print head/top electrode and the ITO while printing. The
(a) power conversion efficiency and (b) open circuit voltage (Voc), fill factor (FF) and short
circuit current density (jsc) are each normalized to the intrinsic device printed without application
of an external electric field. The error bars result from averaging over three batches of solar cells.
The solar cell parameters in (b) are plotted with equal ordinate range for ease of comparison.
The dotted lines are guides to the eye.

depicts the dependency on the applied external electric field while printing. As directly
seen, the backward e-field is beneficial for the device performance. The power conversion
efficiency of a solar cell printed under high backward electric field improves to (3.0 &+ 0.3) %
in comparison to the reference cell (2.1 £+ 0.2) %. The main influence occurs in the short
circuit current density (from (8.0 & 0.4) mA cm™ to (9.2 + 0.5) mA cm™) and the fill
factor (from (43 £ 2) % to (55 £ 3) %) of the respective devices. The parameters are in

a good range for printed solar cells with this standard material system. [85,210]

For more statistics, three batches of solar cells are produced and the resulting param-
eters show a similar tendency as depicted in figure 7.6. The three individually processed
solar cell devices are characterized and each batch is normalized to its reference device
without applied external voltage. The errors within a batch are due to the standard de-
viation of the respective devices. The errors after normalization to the sample without

applied external voltage (V=0) are calculated using error propagation:

A(()ibi(V)>:<Abi(V)_Abi(V:0)>. b(V) )

(V=0) bi(V) bi(V = 0) bi(V = 0)
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with b;(V') the samples of the ith-batch and their respective standard deviation Ab;(V)
as absolute errors. The error of the reference cell after normalization to itself is zero.
The error after averaging all independent solar cell batches is then calculated as the mean

value of the individual absolute errors.

In average, the improvement of the power conversion efficiency is as high as 25 % for the
highest applied backward directed field compared to the reference cell. The main driving
force is the fill factor, that increases by 15 % in average and the short circuit current with
a mean increase of 10 %.

7.2.2 Absorption behavior

The functionality of the polymers after deposition under an electric field is tested via their
absorption properties. The measurements are depicted in figure 7.7. The spectra show
no strong deviations, which leads to the conclusion that the polymer properties remain
unchanged and thus the material is not harmed by the electric field. An indication of
the non-destructive intervention of the electric field was already given by the preserved
open circuit voltage of the devices fabricated under the electric field. Further to that,
the absorbance of all printed films exhibits the same typical features for P3HT:PCBM
blends, namely the 0-0 transition at around 600 nm and the 0-1 and 0-2 absorption bands

at around 550 nm and 510 nm.

— -100V
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Figure 7.7: The absorbance spectra of the P3HT:PCBM films printed under different applied
voltages between print head/top electrode and the ITO normalized to the main absorption peak
at around 510 nm. All curves exhibit the typical crystalline peaks for P3HT.
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7.2.3 Mobility measurements

Since the charge carrier mobility is of utmost importance for the functionality of organic
electronics, its dependency on the preparation routes is investigated. The vertical hole
mobility is measured using metal-insulator-semiconductor - charge extraction by linearly
increasing voltage (MIS-CELIV). The resulting mobilities are depicted in figure 7.8.
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05| { 1 Figure 7.8: Vertical hole mobility of the active lay-
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layer.

Already a low applied external electric field leads to a strong increase of the hole
mobility. The direction of the applied field does not alter the mobility but the strength
does. A reason might be found in the crystal properties of the respective films, as they

strongly influence the charge transport and are thus subject of further investigations.

7.3 Morphological analysis

The inner morphology has an enormous impact on the functionality of organic solar cells
(section 2.2). The presented I-V-curves show an s-shape for medium and high forward
directed electric fields. This already indicates charge accumulation and might be due to
changes in the inner structure. Furthermore, the charge carrier mobility increases with
application of an electric field while deposition. To analyze the reason for this behavior,

the inner morphology is investigated.

7.3.1 Crystallinity investigations

The charge transport in P3HT:PCBM films is well known to depend on its crystalline
properties. [30,192] A reorientation of the polymer crystals in an electric field was pre-

viously observed due to dielectric forces acting on the polymer. [191,195] P3HT crystals



118 Chapter 7. Impact of electric field on active layer

0.5 . .
q. [A1] face-on

Figure 7.9: 2D GIWAXS pattern of P3HT polymer crystals exhibit typical diffraction patterns
that allow to identify the orientation of the crystals. An edge-on crystal is schematically depicted
in the top right corner. They exhibit a higher scattering intensity of the (100) planes in vertical
direction and of the (010) peak resulting from the m-1 stacking in horizontal direction. In
contrast, the face-on oriented crystal (depicted in the bottom right corner) results in higher
scattering intensities of the (100) plane in horizontal direction and of the (010) planes in vertical
direction. The white dotted semicircle is the region at which the orientation analysis is performed.

typically orient in a face-on or edge-on orientation as schematically depicted in figure
7.9. In both configurations the polymer backbone is parallel to the substrate. For the
former one, however, the side chains are oriented parallel to the substrate, while they
are perpendicular for the latter one. The final orientation depends on the processing
conditions. [30,192] To obtain the crystal orientation, grazing incidence wide angle X-ray
scattering (GIWAXS) experiments are performed. In a 2D scattering pattern as shown

in figure 7.9 each of the configurations exhibit typical scattering signals.

The direct beam at |¢g] = q =0 A is blocked together with the signals of the graz-
ing incidence small angle X-ray scattering (GISAXS) signal. The scattering signal from
the (100)-planes of P3HT is found at q ~ 0.38 A-'. The (100)-planes of an edge-on
oriented crystal are parallel to the substrate and the [100]-direction perpendicular, re-
spectively. Therefore, a pronounced scattering is seen in the pattern in vertical direction
at q, ~ 0.38 A1, On the other hand, for a face-on oriented crystal, the (100)-planes are
perpendicular to the substrate and the [100]-direction parallel. Consequently, the 2D scat-
tering pattern shows a contribution in horizontal direction at q, ~ 0.38 A™'. Similarly,
the scattering occurs in different directions for the (010)-planes. Isotropically oriented

crystals,; that exhibit no preferred orientation result in a scattering ring at the respective
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Figure 7.10: Azimuthally integrated intensity profiles along the azimuthal angle from 0° to 85°.

Due to the in-plane isotropy of the P3HT crystals, the intensity profiles are sin(x) corrected.

Exemplary shown are the azimuthal profiles for (a) -100 V, (b) 0 V and (c) +100 V applied

voltage. They gray lower area represents the isotropic crystals, the orange area at low y results

from the edge-on oriented crystals and the green area at high x from face-on oriented crystals.

q-value of 0.38 A-'. To quantitatively analyze the orientation of the crystals, azimuthally
integrated intensity profiles are extracted from the 2D patterns at q = 0.38 A as indi-
cated by the white semicircle in figure 7.9. The obtained intensity profiles are exemplary
depicted in figure 7.10 for the reference sample and the samples with highest electric field
in forward and backward direction. The intensity profiles are background corrected to
account for the amorphous material. Since PSHT behaves like an in-plane powder, which
means that in the x-y-plane no preferred orientation occurs, the profiles are sinus cor-
rected. [96,118,119] The isotropically oriented crystals result in the gray shaded area in
figure 7.10, while the edge-on oriented and face-on oriented crystals result in orange and
green shaded areas, respectively. The differentiation in edge-on or face-on is dependent
on the azimuthal angle y. It is split into vertical scattering (y < 45°) from the edge-on
oriented and horizontal scattering (xy > 45°) from face-on oriented crystals. Due to
the inaccessible g-range at small angles y, the values are interpolated to 0 for xy — 0°to

calculate the area of edge-on oriented crystals.

The resulting ratios of face-on and edge-on oriented crystals and their sum to all crystals
is shown in figure 7.11a. The sum of oriented crystals has an overall similar ratio to all
crystals of a round 0.16 with a moderate drop after application of a low electric field.
The ratio of edge-on oriented to all crystals however, strongly drops upon the application
of an external field. On the other hand, the ratio of face-on oriented to all crystals
strongly increases with electric field. From the data it is concluded, that the application
of an external electric field reorients the crystals from edge-on to face-on orientation. The
observations are in agreement with the findings in spin cast and solution sheared films
in the presence of an electric field. [191,195] The authors attribute the reorientation to

dielectric forces acting on the polymer.
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Figure 7.11: Results from the orientation analysis and their connection to the mobility. (a)
The ratio of P3HT crystals oriented face-on (green squares), edge-on (orange circles) and the
sum of both (blue triangles) to all crystals for different applied external voltages while printing.
(b) Hole mobility of the devices (black circles, left axis) as determined in figure 7.8 for different
applied voltages and the corresponding ratio of face-on oriented crystals (greens squares, right

axis). Data points are connected by dotted lines to guide the eye.

The charge transport in polymer crystals is favored along the n-n-stacking in the [010]-
direction. [30, 211] For a solar cell device with the charge transport perpendicular to
the substrate, a face-on orientation of the polymer crystals is therefore preferred. To
investigate the correlation between the mobility and the crystal orientation deduced from
the GIWAXS analysis both are plotted in figure 7.11b. Similar to the reorientation of the
polymer crystals, the vertical hole mobility increases with electric field as expected due

to the favored charge transport in n-n-stacking direction.

7.3.2 Vertical material composition

The current voltage characteristics of the solar cells printed under the experimental con-
ditions showed a strong s-shape for the forward directed electric field. The shape is
explained by charge carrier accumulation and possibly due to enrichment layers of the
materials in the active layer. Therefore, the vertical phase separation is investigated us-
ing X-ray reflectivity (XRR). The method allows to differentiate between variations in
scattering length density (SLD) within the film. The SLD is related to the material com-
position. Figure 7.12a shows the characteristic reflection curves of the different films.
The specular reflection of the X-ray beam is tracked. Depending on the SLD distribution
within the film, the X-ray beam is reflected at interfaces of varying SLDs. This yields to

fringes, the Kissing oscillations and a roughness dependent slope of the reflectivity data.
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Figure 7.12: (a) XRR data for the different applied voltages with their respective fit (orange
line) shifted along the intensity axis for clarity. (b) The roughness is obtained from the fits and
the error bars are the corresponding fitting uncertainties. The dashed line is a guide to the eye.

The experimental data are fitted to a stacked layer model which accounts for the SLD,
the roughness and the thickness of each layer. The respective fits to the data are shown in
figure 7.12a. From the modeled data, the film roughness is obtained (figure 7.12b). The
roughness upon application of a backward electric field increases from (7 £+ 2) nm for no
applied field to (11 4+ 2) nm. In contrast, the roughness for a high forward electric field

decreases to (4 + 2) nm.

With the model, a vertical SLD profile is extracted as shown in figure 7.13a. It shows
the SLD profile in a gray-scale coded composition model from the substrate (normalized
depth 0) to the air interface (normalized depth 1). Measuring the pure P3HT and PCBM
films provide the SLD of 10.9 x 10 A2 and 3.0 x 10°® A2, respectively. These values are
in agreement with the calculated ones for a density of the materials of 1.2 gcm™ for P3HT
and 1.5 gem™ for PCBM and therefore of reasonable range. The presented SLD profiles
can therefore be seen as material composition profiles in which black represents pure
PCBM and white pure P3HT. The SLD profiles are transfered to volume concentrations
of each material. The volume fraction xpcpgyr of PCBM in vertical direction is calculated
from the fitted SLD profiles for each depth by:

SLDpeng - 100 = xpepm - SLDpepy + (100 — xpepm) - SLD pspr

(SLDyjeng — SLDpsyr) - 100

SLDpcpy — SLDp3ur
The resulting depth profiles with the PCBM volume concentration are shown in figure
7.13b. As for the mean SLD of the XRR fits, the mean PCBM volume concentration is
the same (52 &+ 1) % for all differently prepared films. The intrinsic tendency of the films

<< XPCBM =

printed without electric field exhibits a PCBM enrichment at the film/air interface of up
to 80 vol.-% accompanied by a very thin P3HT enrichment at the substrate interface. Ap-
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Figure 7.13: (a) Vertical material composition profiles obtained from the analysis of X-ray
reflectivity (XRR) data for different applied voltages. Depicted are the scattering length density
(SLD) profiles along with the film depth in gray scale code. In the representation, black depicts
the SLD of PCBM and white the one of P3HT. The normalized depth 1 is the film/air interface,
while 0 is the interface of the active layer to ITO. (b) Calculated volume concentration of PCBM
as a function of the depth in the film derived from the scattering length densities of the XRR
fits. The film/air interface is the normalized depth 1. An average of 50 % PCBM is conserved
for all fits as expected for the prepared samples with a 1:1 P3HT:PCBM solution.

plying a reverse electric field (negative voltages) enhances the observed intrinsic tendency
and the enrichment layers become more pronounced. For higher reverse fields, the P3HT
layer at the substrate/film interface contains in average only P3HT while the film/air in-
terface exhibits a high volume concentration of PCBM up to 90 vol.-%. In comparison, the
forward electric field yields to an inversion of the intrinsic tendency. The substrate/film
interface shows a PCBM enrichment up to 70 vol.-% and only around 10 vol.-% of P3HT
at the film/air interface. Based on the geometry of the built solar cells, the enrichment
is beneficial concerning the fill factor of the devices and therefore explains the observed

changes in the produced solar cell devices. [212]

The origin of the varied vertical film composition is found in the electrophoretic mobil-
ities u, of the involved materials in chloroform. The materials are separately measured in
solution using electrophoretic light scattering. The found mobilities are 1.9 x 10 m? V- s
for P3HT and 4.0 x 10° m? V-'s! for PCBM in chloroform. Thus, PCBM moves nearly
double the speed of P3HT at a given electric field. In the vicinity of the print head, the
electric field is very strong which results in a wide movement of the materials. Both PSHT
and PCBM exhibit enough electrophoretic mobility to move through the entire film thick-
ness within the experimental time. The experimental conditions are chosen such, that the

material is fixed by electrophoretic forces against the forces due to evaporation. Similar
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experiments using chlorobenzene instead of chloroform do not exhibit measurable elec-
trophoretic mobilities. Hence, the findings suggest, that a specifically chosen combination
of material and solvent enables the clearly observable vertical composition modification,

which might be transferable to other material systems, including small molecules.

7.3.3 Lateral phase separation

For a complete insight into the inner film morphology, information about the lateral
structures are needed. For that purpose, grazing incidence small angle X-ray scattering
(GISAXS) is performed. Figure 7.14 shows the horizontal line cuts of the 2D scattering
patterns at the Yoneda position of PCBM. Therefore, the scattering intensities are sensi-
tive to PCBM and can be attributed to it. [87] To extract quantitative information, the
reduced line profiles are modeled with two cylindrical form and corresponding structure

factors. The respective models are plotted in figure 7.14 in orange color.

The form and structure factors are interpreted as sizes and corresponding distances
of PCBM clusters inside the film in lateral direction. Figure 7.15a shows the structure
sizes and figure 7.15b its corresponding distances. The larger structure size, which cor-
responds to PCBM rich domains, increases for backwards directed electric fields from
(18.3 £ 0.8) nm (without field) to (19.3 + 0.8) nm (-100 V), while it slightly shrinks
for the highest forward field (+100 V) to (17.5 £ 1.0) nm. Their distances are barely

influenced by the electric field and are around 50 nm.

The found changes in the structure size are - together with the knowledge of the ver-
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Figure 7.15: Lateral domains obtained from the GISAXS measurements. (a) The structure
sizes are obtained from the form factors of the fits. (b) The corresponding structure distances
obtained from the structure factors. The domains are attributed to PCBM domains in the film.

the dashed lines are guides to the eye.

tical composition from XRR measurements - interpreted as compression and stretching
of PCBM domains for backward and forward directed electric field. The enhancement of
the backward directed electric field pushes the PCBM domains towards the film/air inter-
face. On the other hand, forward directed electric fields, pull the PCBM domains towards
the films/substrate interface leading to a stretching of the domains, that are intrinsically

rather present at the film/air interface.

7.4 Resulting reconstruction of inner film morphology

The findings from the investigation of the inner structure via X-ray methods together with
the functionality of the produced organic solar cells, are interpreted in a reconstruction
of the inner film morphology to visualize the impact of the electric field. The findings
are summarized in a schematic illustration of the morphology in figure 7.16. The model
is chosen to represent the percolation paths of the charge carriers as necessary for the
functionality of the solar cells. The film thickness is around 150 nm. The black areas cor-
respond to PCBM rich domains, while the white areas represent the P3HT rich domains.
PCBM enrichment layers are found for the intrinsic sample printed without electric field
as well as for the sample printed under backward electric field at the film/air interface.
For latter one, this tendency is enhanced with around 90 % of PCBM at the surface.
Printing under forward directed electric field, on the other hand, causes an inversion of

the vertical structure and a PCBM enrichment at the substrate/film interface is observed.



7.4. Resulting reconstruction of inner film morphology 125

I PCBM rich phase "1 P3HT rich phase
+100V
++++++++++++++++R+

my

edge-on crystal f//} face-on crystal

e PCBM //PBHT

Figure 7.16: Schematic illustration of the influence of electric field application on the morphol-
ogy of the organic thin films. Depicted are the morphologies of the films for the intrinsic tendency
obtained by printing without electric field, and forward and backward directed electric field with
highest applied voltage. The illustrations are reconstructed from GIWAXS, GISAXS and XRR
data and are displayed to show the percolation paths of the film. The black/white represen-
tation in the upper row shows the phase segregation, vertical film composition and roughness
as reconstructed from GISAXS and XRR data. Black color represents the PCBM rich domains,
while white color represents the P3HT rich parts. The magnifications of the P3HT rich phases
in the bottom row illustrate the reorientation of P3HT crystals towards face on orientation upon

application of an electric field as seen by GIWAXS investigations.

All the found enrichment layers do not contain one type of material, but a mixture in
different ratios. An exception is found for the high backward electric field, for which the
enrichment of the P3HT at the substrate/film interface consists purely of P3HT. The
top film roughness is obtained from modeling the XRR data and increases for backward
directed electric fields. The representation of the PCBM domains shows the vertical com-
pression and stretching of the material under backward and forward fields, respectively.
Looking closer into the P3HT rich domains presents the reorientation of edge-on oriented
P3HT crystals to face-on oriented ones. This representation clearly shows the positive
influence of the backward directed electric field on the photovoltaic performance of the
standard solar cells. An intrinsic blocking layer of both, P3HT and PCBM at the bottom
and top interface, respectively, prevents charge carrier recombination at the electrodes

and enables an improved charge carrier transport to prevent accumulation.

In conclusion, a possible process including the application of an electric field during

printing is introduced. The process is adapted to known methods in industry and there-
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fore well suited for an applied, up-scalable technique. Applying the process to a model
system, the crystal orientation is influenced and edge-on oriented crystals reorient to face-
on orientation. Furthermore, the vertical film composition is tuned by a proper choice
of material and solvent, that, in combination, exhibit an electrophoretic mobility. This
yields to an enhancement or an inversion of the intrinsic tendency of the film structure,
depending on the direction of the applied electric field while lateral structures are con-
served. This optimization is implemented into organic solar cells and leads to a power
conversion efficiency increase of 25 %. The findings suggest that, by a proper choice of
material and solvent, different combinations can be treated using a similar process. This
also includes small molecules with the potential to further increase their performance in
organic solar cells. Electrophoresis assisted printing therefore provides an efficient and

low cost approach to optimize the active layer morphology.

7.5 Summary

One of the major advantages of organic solar cells and therefore a unique selling point is
the possibility to process out of solution. This allows for advanced printing and spraying
techniques. In focus are methods, that are industrially relevant. In this chapter, a method
is presented, that is transfered from an industrial coating process to the production of
organic solar cells. Electrophoretic assisted printing enables to actively influence the
structure formation process. With a model system of a blend of poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) the influence of an elec-
tric field on the structure formation is investigated. The application of the field during
thin film deposition leads to a reorientation of the polymer crystals from edge-on to the
more favorable face-on orientation. Along with that, the hole mobility is increased and the
dependency of face-on orientation with the changes in charge carrier mobility is analyzed.
Due to the intended combination of P3HT:PCBM in chloroform as solvent, the material
exhibits an electrophoretic mobility. This property is used to actively move the polymer
and fullerenes within the wet film. It is shown that a vertical modification of the thin films
is possible, which leads to intrinsic blocking layers in the active film. Along with that, the
lateral structures are preserved and a stretching and compression of PCBM domains are
found for forward and backward directed electric fields, respectively. The optimization
of the inner film morphology yields an improvement of the fill factor of the solar cells
by 15 % and the short circuit current density by 10 %. The overall performance of the
solar cells is thus improved by 25 %. The findings indicate that electrophoretic assisted
printing can be transferred to different material combinations, including small molecules,

that exhibit an electrophoretic mobility in the respective solvent.



8 Influence of solvent atmosphere on
film evolution

Printed organic solar cells have gained tremendous interest over the last years. [13,15,213,
214] A lot of progress in terms of power conversion efficiency (PCE) was achieved during
that time, exceeding 10 % efficiency. [215-217] The combination of the high PCE with
the low cost and the ease of large area printing led to a high interest in academia and
industrial research. One of the most investigated material systems for organic solar cells
consists of poly(3-hexyl-thiophene) (P3HT) as donor polymer and [6,6]-phenyl-Cg; butyric
acid methyl ester (PCBM) as acceptor fullerene. [21,22,137,189,218,219] For a better de-
vice performance, a key factor to address is the inner morphology as described in chapter
2.2. Several approaches intend to influence the active layer morphology in terms of crys-
tallinity and phase separation. Thermal annealing has shown to be an efficient route to
improve the morphology and thus the device performance. [28,158,159,220,221] Moreover,
the simultaneous application of an electric field during annealing is highly beneficial for
the systems under investigation. [194-197] The choice of solvent and solvent additives in-
fluences the active layer morphology. [83,162,222-224] Another approach is the controlled
slow growth of the active layer, which is also referred to as solvent annealing. [137,189,225]
The slow growth rate results in an improved power conversion efficiency upon an increased
absorption and hole mobility. [189] Tt is found that the n-conjugated structure of P3HT
is improved upon reduced growth rates. [137,226] To achieve the improved structure, Li
et al. covered the samples after spin coating. [137] This approach using spin coating as
deposition method, however, is not easily up-scalable, which is necessary for commercial
applications of organic solar cells. So far, a lot of effort has been spent on understanding
the mechanisms of film formation. Most of these investigations were performed using in
situ characterization methods like reflectometry, absorption measurements or X-ray scat-
tering. [40, 142,218,227, 228] Here, the process of a slow growth rate of the photoactive
layer is transferred to an up-scalable printing process, allowing high throughput of the
produced solar cells. We monitor the structure formation in situ with highly time re-
solved X-ray scattering experiments. The findings are transfered to a model representing

the evolution of the film structure.
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controlling
solidification
process

Figure 8.1: This chapter describes how to control the solidification process using defined atmo-

spheres while printing.

To manipulate the drying kinetics of the printed thin film, the printer setup is modified
with an environmental chamber, allowing full control of the chemical vapor composition
surrounding the deposited film as explained in chapter 5 and respective reference [144]. A
detailed description of the chamber is found in chapter 5.3. The aim of the work presented
in this chapter is to control the solidification process in printed organic thin films (figure

8.1) with defined atmospheres surrounding the sample under investigation.

The film drying time is doubled upon the usage of a solvent enriched gas stream com-
pared to the dry gas stream. The structure evolution is divided into four stages. The
results show the differences in stage two and three of films printed under different at-
mospheric conditions. The experimental procedure is described in detail in section 8.1.
The crystallization of the polymer in the different atmospheres is followed in situ using
GIWAXS (section 8.2.1). Moreover, the phase separation and fullerene aggregation is
investigated with GISAXS (section 8.2.2). The findings are combined and their influ-
ence on the structure formation model is described in section 8.2.3. The findings of the
investigations on the influence of a solvent atmosphere on the film evolution are finally

summarized in section 8.3.

8.1 Experimental details

For in situ studies, the time resolution of state-of-art imaging techniques like atomic force
microscopy (AFM) or transmission electron microscopy (TEM) is not sufficient to follow
the drying kinetics of thin organic films. For the study in this chapter, we used X-ray
scattering under grazing incidence (section 2.4.3). To control the solidification process a
custom slot-die coating setup is constructed. It is shown in section 5.3 and the respective
reference [144]. The utilized setup is shown in figure 8.2.

Materials and sample preparation: The solution for the active layer is produced as
described in chapter 4. The solution is slot-die coated on acidic cleaned silicon wafers
spin coated with PEDOT:PSS with a thickness of around 40 nm. The wafers are cut

into approximately 100 mm long and 20 mm broad stripes and placed on the printer’s
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Figure 8.2: The utilized experimental setup. (a) Drawing of the printing setup including the
atmospheric control chamber. The view allows to identify the large exit window for the X-ray
scattering signal. Reproduced from [144], with the permission of AIP publishing. (b) Photograph
of the experimental setup in the synchrotron beamline. The orange arrows schematically depict
the X-ray path.

sample stage. The substrates are fixed on the sample stage with headless screws without
application of a vacuum. The solution is fed into the slot-die head with a syringe pump
at a rate of 0.2 mlmin?. The distance of the slot-die head to the substrate is set to
around 300 pm. A printing speed of 10 mms™ results in a film thickness of around
300 nm. The solvent atmosphere in the chamber is controlled by combining dry helium
with solvent-saturated helium in the desired ratio. For this purpose, two gas tubes are
connected to the chamber. One contains the dry gas and the other one solvent-saturated
gas after passing a washing bottle filled with chlorobenzene. For the experiments presented
here, two environmental settings are used, comparing a completely dry helium gas with
a chlorobenzene vapor enriched helium gas streaming above the sample. The flow rate of
the helium is set to 5 scth (2.36 1min™!).

In situ scattering experiments: The in situ scattering experiments are performed at
beamline 7.3.3 at the Advanced Light Source (ALS). [117] The wavelength for these ex-
periments is A= 1.24 A which corresponds to an energy of 10 keV. The signal is detected
by a Pilatus 2M detector with a frame rate of 0.5 st. This frame rate includes data
recording of 0.47 s and a readout time of 0.03 s. Directly after the coating process, the
incident X-ray beam impinges the sample continuously at a fixed distance from the print
head and follows the drying process. The time 0 is set to the occurence of the first scat-
tering pattern, which occurs around 1-3 s after the deposition of the solution through the

slot-die head. Recording the final film for more than 200 s at the same position on the
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sample shows no changes in the scattering pattern. This ensures that no beam damage

occurs which would influence the organic film and thus the results of the experiment.

The incident angle for the experiment is set to 0.35°. To detect both the GIWAXS
and the GISAXS signal at the same time, an intermediate sample to detector distance
(SDD) of 177 cm is chosen. This setting allows to follow the (100) peak of the P3HT poly-
mer, which is sufficient for the characterization of the crystallization process. The data
treatment of the GIWAXS signal is performed with GIXSGUI 1.6.1 from the Argonne
National Laboratory which performs all the corrections necessary for a correct reduction
as described in section 2.4. [94-96] To analyze the GISAXS signal, the data are reduced
using DPDAK version 1.2.0 from the Deutsches Elektronen-Synchrotron (DESY) in Ham-
burg. [120] For the analysis, the shoulder in the horizontal cut is tracked by plotting Ig?
versus ¢ after background subtraction and fitting a Gaussian function. [228-231] With
the center of the shoulder, the average center to center distance of the scattering cen-
ters is determined. The results of the shoulder tracking serve as input for modeling the
data in the framework of the distorted wave Born approximation (DWBA) and the lo-
cal monodisperse approximation (LMA) based on contributions from three substructures
each described by a certain shape of a form factor (average structure sizes) and a struc-
ture factor (average center-to-center distance) according to a 1d paracrystal as proposed
by Hosemann et al. [108] Two structures are kept constant as local background of the
scattering signals and the main feature arising from PCBM aggregates is followed. More
details about the model function can be found in section 2.4. Before modeling, the data

are logarithmically binned with 45 bins as introduced in chapter 6.

8.2 In situ characterization

The influence of the surrounding atmosphere on the thin film solidification is investigated
for two cases. The first one is a film printed under fully dry gas conditions (DGC),
whereby a steady flow of dry helium gas is present during the solidification. The second
case is a film printed under solvent enriched gas conditions (SGC), whereby the helium
gas is enriched with chlorobenzene vapor by passing a washing bottle filled with solvent
before streaming above the printed film during solidification. The structure formation
process is followed on different length scales. Therefore, an intermediate sample to de-
tector distance is chosen, allowing for simultaneously measuring grazing incidence small
angle X-ray scattering (GISAXS) and the main grazing incidence wide angle X-ray scat-
tering (GIWAXS) peak arising from the (100) planes of poly(3-hexyl-thiophene) (P3HT)
crystals. Figure 8.3 shows the 2D detector patterns of the final films summed up to in
total 60 s illumination for the film printed under DGC (figure 8.3a) and under SGC (figure
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Figure 8.3: 2D detector patterns of the summed final films. (a) The pattern of the film
printed under dry gas conditions (DGC). (b) The film dried under solvent enriched gas conditions
(SGQ). (c) Schematic drawing of a P3HT crystal in edge-on configuration with the lattice plane

directions.

8.3b). Differences between both experimental routes are already visible in the detector
patterns. The blue ring results from signals of Kapton® used for the entry and exit win-
dows of the environmental chamber and the flight tube. This signal is superimposed by
the scattering of the polymer backbones. In vertical direction, the (100) signal resulting
from edge-on oriented P3HT crystals is visible as green-yellow scattering peak. At first
view, the (100) peak of the sample printed under SGC (figure 8.3b) exhibits a wider
azimuthal distribution compared to the sample printed under DGC. The schematics in
figure 8.3c depicts an edge-on oriented P3HT crystal with the lattice planes. Moreover,
the GISAXS signal shows differences, especially in vertical direction. At the same film
thickness, the film printed under DGC exhibits a higher intensity especially visible above
the beam stop.

In the following, the scattering patterns are investigated in detail. The focus is put on
the time development of the patterns. First the (100) peak related to the crystallization
process of the polymer is analyzed (section 8.2.1). Thereafter, the phase separation is
investigated in section 8.2.2. The findings are then discussed and implemented into a
structure evolution model in analogy to the one obtained for the temperature investiga-

tions in section 6.2.4.
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8.2.1 Polymer crystallization process

An eye-catching feature in the final film scattering patterns in figure 8.3 is the azimuthal
broadening upon printing under SGC. The first closer look is therefore to the time de-
velopment of the azimuthal scattering intensity. Figure 8.4 shows a 2D color plot of the
azimuthally integrated intensity for the film printed under DGC (figure 8.4a) and the film
printed under SGC (figure 8.4b).

While the maximum intensity for the film printed under DGC is reached after approx-
imately 24 s, it needs further 14 s to reach a wide azimuthal spread in the case of SGC.

The positions in the 2D color map are marked with white dashed lines in the respective
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Figure 8.4: 2D color plots of the azimuthally integrated (100) signal with time. (a) Azimuthal
intensity versus time for the film printed under dry gas conditions (DGC). The maximum x-
distribution of the signal is reached after around 24 s (white dashed line). (b) Azimuthal intensity
versus time for the film printed under solvent enriched gas conditions (SGC). The maximum x-
distribution of the signal is only reached after around 38 s (white dashed line). For comparison,
the maximum distribution of each film is indicated with the white dotted line.
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Figure 8.5: Full width at half maximum (FWHM) of the azimuthally integrated (100) peaks of
(a) the film printed under dry gas flow and (b) the film printed under solvent enriched gas flow.
The final broadness is found at the plateau after approximately 24 s and 38 s for the dry and
solvent enriched environment, respectively. The FWHM of the film printed under enriched gas
flow exhibits a larger FWHM compared to the one printed under dry gas flow.

pattern. A further noticeable feature for the azimuthal broadening of the film printed
under SGC is the softer transition between initial and final azimuthal spread. The az-
imuthal distribution continues to broaden even until 60 s, while it instantly reaches the

final y-distribution in the case of dry gas.
The development of the azimuthal distribution is quantified by fitting the intensity

versus the azimuthal angle y with a Gaussian peak. The time development of its full
width at half maximum (FWHM) is plotted in figure 8.5. The highest FWHM is reached
after 24 s for the DGC printed film (figure 8.5a), while it is delayed to 38 s for the SGC
film (figure 8.5b), as already estimated in the 2D GIWAXS pattern. The FWHM of the
SGC printed film with 28° is around 10° larger compared to the one of the film printed
under DGC. The investigated peak in vertical direction is a feature of the edge-on oriented
P3HT crystal (as depicted in figure 8.3c). The broader azimuthal signal is an indication

of higher disorder in orientation of the polymer crystals.

The polymer crystal orientation is further investigated by integrating over the complete
azimuthal intensity profile. Analyzing the area under the scattering curve yields informa-
tion about the ratio of edge-on vs. face-on and isotropically oriented crystals (y < 45°) of
the complete crystallized polymer. The resulting time development of the edge-on ratio
with time is shown in figure 8.6. As indicated by the FWHM of the curves, the film
printed under SGC exhibits a 15 times higher ratio of edge-on oriented polymer crystals
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Figure 8.6: Calculated edge-on orientation of the films with time. (a) For the DGC film, the
plateau is reached after around 24 s. In comparison, the SGC film (b) shows a higher edge-on

orientation, which increases even further after 38 s.

compared to the DGC film. It should be noted that the time resolution and the involved

low scattering intensities do not facilitate the determination of the face-on oriented ratio.

Interestingly, the development of the edge-on ratios shows different behaviors. While the
DGC sample rapidly reaches the final state at around 24-26 s (figure 8.6a), the SGC sample
highlights a softer transition around 38-46 s (figure 8.6b). This most likely is due to the
decreased evaporation rate, after portions of the solvent have already evaporated into the
atmosphere, which further increases the solvent content in the environment surrounding
the sample. This leads to a deceleration of evaporation and thus leaves enough mobility
to the polymer crystals to further rearrange. An increasing azimuthal distribution called
mosaicity for slowly dried films at lower temperatures was also observed by Sanyal and

coworkers. [39]

Apart from the crystal orientation, the packing of the crystals themselves and their
formation are of interest. The time development of the vertical intensity profiles of the
(100) peak is tracked and depicted in figure 8.7. Initially, two signals arising from the

L These signals

Kapton® before and after the sample are seen at 3.6 nm™ and 4.1 nm"
are clearly seen in both scattering patterns, of the DGC and SGC sample, respectively.
The film printed under DGC develops its (100) signal within the time span of 12-25 s
(blue-turquoise scatter points in figure 8.7a). On the other hand, for the SGC sample,
the (100) signal arises between 20-44 s (yellow-orange scatter points in figure 8.7b) and
thus clearly at a later stage with a longer duration. Interestingly, the g-position of the
developing (100) peak shifts to smaller g-values for the SGC sample compared to the

DGC sample indicating a larger spacing of the polymer backbones.
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Figure 8.7: Development of the scattering profile in vertical direction with time during the
first 60 s after printing. (a) Vertical scattering intensity profiles for the DGC film. The peak
evolutions occurs in the blue-turquoise time regime corresponding to 20-30 s. (b) Scattering
intensity profiles for the SGC film. The peak evolution is shifted towards the yellow-orange time
regime between 30-45 s. The time scale is the same for both figures.

For quantification of the scattering peak development, the peak is fitted with a Gaus-
sian function. Therefore, the local background is subtracted, which consists of the tail
of the GISAXS signal at low q and the scattering of the Kapton® windows. The result-
ing parameters of the Gaussian fits with time are shown in figure 8.8. The intensity is
normalized to the final value and is interpreted as a measure of the crystallization. The
peak center is inversely related to the spacing of the (100) planes of the backbones d via
d = 2mq~'. The full width at half maximum (FWHM) can be related to the crystal size
D with the Scherrer equation 2.34:

27-0.9

D= v

(8.1)

As described in section 2.4.3, this size only provides a lower limit, as effects like instru-

mental broadening and paracrystalline disorder are not taken into account.

For the DGC sample (figure 8.8a), the final d-spacing of the polymer backbones is
around (1.62 + 0.01) nm and the lower limit of the crystal size in vertical direction
approximately (14.7 4+ 0.4) nm. For the SGC sample, (figure 8.8a), the final d-spacing of
the polymer backbones is around (1.67 £ 0.01) nm and the lower limit of the crystal size
in vertical direction approximately (14.3 £+ 0.8) nm. The values are in agreement with
other studies. [142,218,232,233] It was also shown that solvent vapor leads to an increase
in the d-spacing. [137,229,231]

Focusing on the development of the scattering signal of the DGC sample (figure 8.8a),

it can be divided into three distinct stages. Initially, no scattering peak from the crystal
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Figure 8.8: Fitting parameters for the vertical intensity of the (100) peak for (a) the DGC
sample and (b) the SGC sample. Depicted are the parameters of the Gaussian fit; its amplitude
normalized to the final intensity, the center and the FWHM. The onset of the scattering signal
is indicated by the first vertical dashed line after stage |. The subsequent stage Il ends after
reaching the final intensity. For the sample printed under enriched atmosphere, this stage differs
(denoted as II') and ends when the maximum of the peak center is reached. While the peak
position shifts during stage Ill for the sample printed under dry gas flow, the intensity increases

for the sample printed under solvent enriched gas (stage III').

is detected due to the well dissolved solution. This first stage is dominated by the evapo-
ration of the solvent. The evaporation yields an increase in solid concentration until the
solubility limit is reached. This limit was seen to be around 160-190 mgml™ in chloroben-
zene and 70-130 mgml™ in dichlorobenzene. [172,218] During that stage I, the molecules
can freely move in the solution. The first scattering signals arising from the (100) spacing
of the polymer backbones are seen after 14 s. This is the initialization of stage II, during
which a nucleation and crystal growth process takes place. The peak center is initially
found at q ~ (3.77 £ 0.08) nm™ or a d-spacing of (1.67 4+ 0.04) nm. The g-position
first slightly increases with time, and then rapidly increases towards the end of stage II.
The rapid increase at the end of stage II was also observed in previous experiments and
assigned a stage on its own in chapter 6. [142] The larger d-spacing of the initial nuclei

is assigned to the formation of solvent swollen nuclei. With ongoing solvent evaporation,
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Figure 8.9: Peak center position normalized to the final peak center of the film printed under
dry gas flow. The peak position shifts to higher g-values indicating a self-annealing process.

The final crystal structure is obtained at stage IV.

the crystallite packing becomes more dense as seen in the shifting g-position of the peak
during stage II. The evaporation consequently leads to a reduced mobility of the PSHT
polymer chains in the solution. Gu et al. explain the change in mobility by the glass
transition temperature 7,, which describes the transition temperature for the polymer
chains to transit from the glassy to the rubbery state. [218,234,235] The evaporation of
the solvent from the film steadily increases Tj of the polymer solvent mixture, thereby
consequently reducing the polymer mobility. The latter one is required for polymer crys-
tallization in terms of mass transport and rearrangement of the polymer chains. [236]
The maximum in amplitude is reached after 24 s indicating the end of the crystallization
process in stage II, which takes around 10 s, and the beginning of stage I1I. During stage
IT1, the residual solvent escapes the film as known from several studies. [40,142,218] This
yields to an improvement of crystal packing. Figure 8.9 shows the development of the
normalized peak position of the DGC sample for a longer time scale normalized to its
final value. After the strong increase of the peak position at the end of stage II, it further
slightly increases during stage III. This was previously also referred to as self-annealing
of the polymer crystal. [40,142] While the crystal growth has already ended, the packing
of the crystals improves until around 60-70 s. The formation of the final film is completed

in stage IV.
The SGC sample exhibits the same stage I (figure 8.8b), during which the solvent in

the freshly printed film evaporates. Due to the surrounding atmosphere, which contains
solvent enriched gas, the partial pressure of chlorobenzene is already quite high. This
leads to a significant decrease in the evaporation rate of the solvent from the coated film.
This is clearly seen by the extended stage I, which, instead of 14 s for the DGC sample,

lasts for 28 s. Interestingly, the structure formation in the next stages differs completely
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Figure 8.10: Normalized intensity of the Gaussian peak fit of the sample printed under solvent
enriched gas flow. The horizontal orange line indicates the final amplitude. The vertical bar

shows the time span, at which the final amplitude is roughly reached, initializing stage IV.

from the one in the DGC sample. After the solubility limit is reached, the first polymer
nuclei form, initializing the next stage II'. Similarly to stage II for the DGC sample, the
initial nuclei exhibit a larger backbone spacing of (1.80 & 0.5) nm, at q ~ (3.5 £ 0.1) nm™.
The nuclei are more loosely packed compared to the DGC samples. Most likely, this is due
to the stronger swollen state of the polymer crystals that arises due to the slower escaping
solvent molecules. During stage II’, the g-value steadily shifts to larger values, until it
reaches a maximum at q ~ (3.78 £ 0.01) nm™! after around 28 s. This corresponds to a
real space distance of the polymer backbones of (1.662 £+ 0.005) nm, which is the packing
of the initially formed nuclei in that sample. However, this point is not characterized
by a maximum in intensity. Moreover, the intensity has yet only reached around half of
its final intensity. Hence, the crystallization process has not yet ended, but the crystals
already exist in their closest packing. The next phase, stage IIT’, therefore starts with the
crystals reaching their closest packing at approximately 38 s. The duration of stage II" of
the SGC sample is of similar duration (10 s) with the DGC sample. During stage 11", the
intensity of the scattering peak increases further, while the FWHM, related to the crystal
size, stays constant. This indicates the ongoing formation of crystals rather than a growth
of crystals already present. Due to the low evaporation rate of the residual solvent, this
process continues for a longer time, as seen in figure 8.10 in the zoom in of the normalized
intensity of the SGC sample. The final amplitude is reached after 90-100 s, which leads
to the final morphology in stage IV. As already observed for the mosaicity in figure 8.6b,

the transition to the final stage is very smooth due to the slowly evaporating solvent.
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8.2.2 Phase separation and fullerene aggregation

To further investigate the crystal growth, information about the phase separation and
especially the fullerene aggregation are of interest. The phase separation is a critical
point concerning the possibility to split excitons in organic solar cells, as described in
section 2.2. For that purpose, the horizontal scattering profiles are of interest, as they
contain information about the lateral phase separation. Figure 8.11 shows the 2D color
plot of the horizontal scattering intensities versus time. The profiles are extracted at
the critical angle of PCBM to be sensitive for that material. The color plot shows the
evolution of a horizontal scattering feature around 0.2 nm™. For the DGC sample (figure
8.11a), the feature arises after approximately 24 s. The development of the scattering
event for the SGC sample starts later, after around 38 s at a similar g-value of around

0.2 nm™.

To quantify the scattering events in the horizontal GISAXS signal, the data are pro-
cessed in the scope of Kratky-style plots. Therefore the intensity profiles are plotted as
Iq2 versus q after the subtraction of a linear background and the peak position is tracked
with time. [228-231] The resulting parameters of the fit are plotted in figure 8.12. Sim-
ilar to the data obtained from the GIWAXS investigations, the evolving features of the
SGC sample (figure 8.12b) are shifted to later times compared to the DGC sample (figure
8.12a). The stages depicted in the figure are the ones that are extracted from the GI-
WAXS analysis. The intensity of the scattering feature is related to the phase-separated
volume fraction. The g-value is inversely proportional to the correlation distance A, of

the aggregates, A, = 2mg~!.
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Figure 8.11: 2D color plot of the horizontal GISAXS pattern for gy, versus time. (a) Intensity
development for the sample printed under dry gas atmosphere. (b) Intensity development for

the sample printed under a solvent enriched gas stream.
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Figure 8.12: Fitting parameters for the peak position of the horizontal intensity profiles after
subtraction of a linear background for (a) the sample printed under dry gas flow and (b) the
sample printed under solvent enriched gas flow. The vertical dashed lines indicate the transition
of the stages identified during the GIWAXS investigations. The error bars represent the fitting

uncertainties.

For the DGC sample (figure 8.12a), the intensity of the scattering shoulder in the
GISAXS signal is low during the initial stage I indicating a well dissolved system. The
initial correlation distance is (15 4+ 6) nm and slightly increases during stage I as seen by
the decreasing center of the scattering peak. However, it should be mentioned, that in
a highly diluted system, the cluster interaction is very weak. The low intensity already
indicates the poor reliability of the correlation distance found in the initial stages. Former
studies (chapter 6) have shown that already in the dissolved stage, small agglomerates of
fullerene are present. [142] It was suggested that the agglomerates grow via an Ostwald
ripening process towards the end of the following stage II. There, the intensity as well
as the correlation distance increase rapidly and reach their maximum at the end of stage
II. This is consistent with former investigations (chapter 6.2), for which this stage was
split into two stages (II and III), for a slow and rapid formation of the structures. [142]
In the present investigation, the peak center is located at (0.2 £ 0.1) nm™ towards the
end of stage II, corresponding to the distance of the PCBM aggregates of (41 + 20) nm.
This peak position stays constant during the further structure evolution process as seen

previously.
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A similar tendency in the development of the PCBM structures is found for the SGC
sample, as shown in figure 8.12b. The stages are defined as the ones obtained from the GI-
WAXS investigations. Stage I is characterized by a generally low intensity of the structural
peak. This is again assigned to the highly diluted solution and thus the weakly interacting
clusters with no defined correlation length. The intensity increases towards the end of
stage I in combination with a slight decrease of the peak position to q ~ (0.4 4= 0.2) nm™.
During stage II’, the peak intensity gradually increases, which emphasizes the ongoing
formation of PCBM clusters and thus the process of phase separation. At the same time,
the peak position moves to smaller g-values. Hence, the correlation distance increases
during stage I’ from initially (21 £ 10) nm to (42 + 21) nm towards the end of stage IT.
This distance stays constant during the rest of the film formation. In the beginning of
stage I1I’, the peak intensity still increases, which is interpreted as a further optimization

of the PCBM aggregation.

For a better comparison to the former studies in chapter 6 and reference [142] the
data are analyzed in the framework of the distorted wave born approximation (DWBA)
and the local monodisperse approximation (LMA). The evolution of one main structure
representing the PCBM aggregates is followed. Figure 8.13 shows the horizontal scattering
profiles for every 10 s from 0 to 60 s shifted along the intensity axis along with the final
horizontal scattering curve summed over 60 s. The scattering curves are depicted for the
DGC sample in figure 8.13a and for the SGC sample in figure 8.13b. Except for the final
film, the horizontal scattering curves are logarithmically binned with 45 bins. The details
of the procedure are explained in chapter 6. The purpose of binning the data is to increase
the statistics of the scattering signal without loosing relevant information, in particular
g-resolution. The orange lines for the respective scattering data in figure 8.13 depict the
modeled scattering function. The evolution of the main scattering feature, as already
seen in the color plot (figure 8.11), is highlighted by blue arrows. Modeling the final
scattering curve with the same features as found during structure evolution gives proof
of the accuracy of the model parameters due to the high statistics of the final scattering

pattern.

From the modeled horizontal scattering profiles a form and structure factor are ex-
tracted. They represent the average cluster size and respective distance. The extracted
parameters of the main feature corresponding to PCBM aggregates are depicted in figure
8.14 for the sample printed under DGC (figure 8.14a) and the one printed under SGC
(figure 8.14b). The stages found during in situ GIWAXS experiments are marked.

For the sample printed under dry gas conditions (DGC, figure 8.14a), some structures
- although very weak - are already visibly in the beginning of the process. The lateral

distance is weakly defined and shows large error bars. The correlation distance is already
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Figure 8.13: Horizontal GISAXS scattering data with modeled function for (a) the sample
printed under dry gas flow and (b) the sample printed under solvent enriched gas flow. The
black points are the scattering data and the orange lines the respective modeled scattering
curves. Depicted are the scattering data every 10 s from 0 to 60 s (from bottom) with the
binned scattering data and the final film with the unbinned data (top curve, summed over 60 s).
The blue arrows depict the evolution of the scattering shoulder arising from PCBM aggregates.

The curves are shifted along the y-axis for clarity.

seen in the Kratky-style analysis which served as input for the data modeling. The
low intensity and the large, weakly defined distances are typical for a well dissolved
system. The initial cluster radius is found to be (3.2 &+ 0.8) nm with a lateral distance
of (18 £ 10) nm. During the initial phase, the nucleation, the distance shrinks until it
reaches a minimum at around 10-12 s with (11 + 5) nm, after which also the aggregate
radii start to grow. The following increase of the lateral distance and the cluster radii
has been discussed in chapter 6, occurring from an Ostwald ripening process. Once the

first polymer crystals are observed (start of stage II), the lateral distance further increases
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Figure 8.14: Extracted sizes from modeling the main feature of the horizontal GISAXS signals
of (a) the sample printed under dry gas flow and (b) the sample printed under solvent enriched
gas flow. The top graphs depict the size of the PCBM aggregates and the bottom graphs their
distance. The error bars are shown for every second data point for clarity and the gray tube

depicts the averaged range of the modeled sizes. The vertical dashed lines indicate the transition
of the stages identified during the GIWAXS investigations.

along with a growth of the cluster radius. The cluster radius grows during stage II from
(4.1 £ 0.5) nm with a lateral distance of (14 £ 7) nm to (5.5 £ 0.3) nm with a lateral
distance of (27 + 5) nm. During the crystal rearrangement in stage III, the PCBM

aggregates only slightly vary and reach a final size of (5.5 £ 0.3) nm at a distance of
(31 &+ 6) nm.

The extracted parameters of the sample printed under solvent enriched gas conditions
(SGC) are depicted in figure 8.14b. The initial parameters obtained from a very weak
signal are a average cluster radius of (3.8 4+ 0.6) nm and only weakly defined lateral spacing
of (19 &£ 9) nm. The initial phase is characterized by a nucleation and a subsequent
ripening process; during both processes the PCBM aggregate size as well as the distance
increases. At the end of stage I, when the first polymer crystals are found, the cluster
radius is (5.1 £ 0.2) nm with a lateral distance of (22 + 4) nm. During stage II’, both the
cluster size and the distance increase and reach a value of (5.6 + 0.2) nm with a lateral

spacing of (30 + 4) nm. During stage III’; the cluster size slightly growths at a rather
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constant lateral spacing. The final cluster size is (5.7 = 0.2) nm with a lateral distance
of (31 £+ 3) nm.

When comparing both preparation routes, very similar PCBM aggregation develop-
ment is observed. It starts with a nucleation process followed by a ripening process
shortly before the first polymer crystals are found. The rapid growth of structures and
their distance during the polymer crystallization phase (stage II and II’) is interpreted
as crystallization-driven phase separation and was observed in previous studies (chapter
6 and [142]). The formation of polymer crystals is pushing the PCBM aggregates apart,
which leads to an increased lateral spacing. Moreover, the miscibility of PCBM in P3HT
crystals is lowered with increasing degree of crystallinity and mixed phases mainly con-
sist of amorphous polymer and PCBM. [72,180-182] Hence, the PCBM molecules are
pushed along the crystallization front and forced to form aggregates as seen in increasing
cluster radii. The final PCBM aggregates are slightly larger for the SGC sample, while
the respective lateral spacing is similar. This is in agreement with the smaller P3HT
crystals observed in the GIWAXS experiments, which act as spacer between the PCBM
aggregates. Similar results were observed for the different drying speeds upon substrate

temperature in chapter 6 and [142].

8.2.3 Discussion of a structure evolution model and conclusion

The characterization of the films printed under different atmospheric conditions are com-
bined to obtain an image of the structure formation. In general, the structure formation
development is divided into four stages, whereas the second stage, during which the main
structure growth takes place, consists of subphases of slow and fast growth. Figure 8.15 de-
picts the development of the structure based on the scattering experiments and highlights
the differences between the two atmospheric conditions while printing. In the model, the
P3HT polymer backbone is depicted as black lines, its crystalline state is shown as bended
parallel backbones. The solvent is indicated by green color, which gets less intense during
evaporation. The solvent evaporation was not recorded during the experiments, but is
extracted from literature knowledge and given as estimation during the single phases.
PCBM is shown in groups when aggregated. Arrows indicate the repulsion (black) of
PCBM aggregates or the optimization of crystal packing (orange).

The following picture of the structure formation is obtained. In summary, four stages

are found:
Stage I (DGC and SGC): The first stage is characterized by the evaporation of the

excess solvent. PSHT and PCBM in the solution exhibit a high mobility and can initially
freely move through the film. The GISAXS intensity is low, indicating the low degree
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Figure 8.15: Schematic of the structure formation of films printed under dry gas conditions
(DGC) and solvent enriched gas conditions (SGC). a) Picture of the drying process for the DGC
sample (left) and the SGC sample (right). The time axis shows the shift of the different stages.
The film formation differs in the stages Il/1I' and IlI/III'. b) Shares of the different stages until
the final film (stage IV) is obtained.

of phase separation. [228] However, indications of small PCBM clusters are found in the
horizontal scattering profiles. The aggregate radius with (3.8 4+ 0.6) nm for the SGC
sample is found to be larger than for the DGC sample with around (3.2 + 0.8) nm. The
evaporation of solvent leads to an increase of the solid concentration during that phase.
Towards the end of stage I, the intensity of the GISAXS signal rises, indicating the further
formation of PCBM clusters.

Stage 11 (DGC): Once the critical solution concentration is reached, the first polymer
crystals form. The formed crystals are initially strongly edge-on oriented and reorient to-
wards the end of stage II. Moreover, the first crystals exhibit a high spacing between their

backbones indicating their swollen character. With time, the distance shrinks along with
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a crystal growth and the formation of further crystals. Additionally, a growth of the size
of the PCBM aggregates is seen, accompanied by an increase of their correlation distance.
The limited miscibility of PCBM in P3HT is well known. [181,237] The observations of
simultaneous measurements of different length scales presented in this work indicate that
the phase separation is driven by the formation and growth of P3HT crystals. This is in
good agreement with other studies, which showed the movement of the PCBM driven by
the crystallization front. [142,172] The amorphous phase of P3HT on the other hand may
contain PCBM as indicated in the model. [180,238,239] Towards the end of stage II, the
crystallization rate strongly increases along with an enormous improvement of the crystal
packing, although the latter is not yet optimized. This also leads to a further repulsion
of the PCBM aggregates, forcing them to grow to their final size of (5.5 £+ 0.3) nm with
a lateral distance of (27 £ 5) nm.

Stage 111 (DGC): After the completion of the crystallization process, the packing of the
crystals further improves in a self-annealing process. This leads to the finally optimized
packing of the P3HT crystals with a backbone spacing of (1.62 & 0.01) nm. The intensity
of the GISAXS signal slightly increases, indicating a further phase separation of the ma-
terial, which is explained by the final rearrangement and packing of the polymer crystals

and the final evaporation of solvent molecules. The PCBM aggregates finally show a size
of (5.5 £ 0.3) nm at a distance of (31 & 6) nm.

Stage II’ (SGC): The initial phase of stage II’ of the SGC sample is similar to the
one observed in stage II of the DGC sample. The solvent evaporates until a critical
solution concentration is obtained. The P3HT starts to crystallize with a large spacing
between the backbones. With increasing crystal size and number of crystals, the backbone
spacing shrinks, until it reaches an optimized packing towards the end of stage II" with
(1.67 £ 0.01) nm. However, the crystallization is not yet finished as compared to stage II of
the DGC sample as seen by the increasing intensity of the GIWAXS scattering signal. As
for the DGC sample, the growing crystals during stage II” lead to an increase of the PCBM
aggregate spacing. The PCBM aggregates initially exhibit a radius of (5.1 £ 0.2) nm and
grow slightly with ongoing crystallization. At the end of stage II’, the PCBM aggregates
exhibit a size of (5.6 + 0.2) nm with a lateral spacing of (30 £ 4) nm.

Stage III’ (SGC): The backbone spacing of the polymer crystals is already optimized.
However, the intensity of the GIWAXS scattering peak increases, which shows the ongo-
ing formation of polymer crystals. The solvent atmosphere is supposed to provide enough
mobility for the materials inside the film to further rearrange. This is also seen in the
increasing GISAXS signal, which indicates the progress in the formation of PCBM aggre-
gates. The PCBM aggregate size, however, does not vary significantly any more. From

solvent annealing experiments, the positive effect of the solvent atmosphere on the film
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morphology is known to be even more advantageous than thermal annealing of a film

without solvent annealing. [226]

Stage IV (DGC and SGC): The final morphology of the active layer is reached after
a long-term relaxation process. For the DGC sample, the lower limit of the final P3HT
crystal size is (14.7 £ 0.4) nm and the PCBM aggregate size is (5.5 £ 0.3) nm at a
distance of (31 £ 6) nm. For the SGC sample, the P3HT crystals with (14.3 £ 0.8) nm
are slightly smaller, and the PCBM aggregates with (5.7 £ 0.2) nm are larger, leading to

a similar lateral spacing compared to the DGC sample.

Figure 8.15b shows the percentage of time the individual stages hold upon obtaining
the final film morphology for the different atmospheric conditions. The evaporation of
the initial solvent, until the critical solution concentration for polymer crystallization is
reached, needs between 20-30% of the formation process. The high partial pressure of
the solvent in the SGC atmosphere leads to an extended duration of the evaporation.
The main structure formation process (stage II and II’) happens very quickly. However,
for the SGC sample, it differs in the sense that the solvent vapor surrounding the film
stimulates further crystallization in stage III’. For the DGC sample, the respective stage
IIT only optimizes the packing of the already formed crystals. This difference also explains

the improved phase separation found in different studies. [137,226]

8.3 Summary

The influence of a solvent enriched atmosphere compared to a dry gas atmosphere on
a printed organic film for photovoltaic applications is investigated with in situ X-ray
scattering. For that purpose, a custom made slot-die coater is equipped with a chamber
allowing for the control of the atmosphere during solidification of the printed thin film.
The impact of the atmosphere is tested with two environments, a dry gas flow and a
chlorobenzene solvent enriched gas flow during printing. The film formation is monitored
simultaneously on two length scales, in the GIWAXS regime for crystallization kinetics

and in the GISAXS regime for phase separation and PCBM aggregation.

The structure evolution process is divided into four stages. It is found that for the
two atmospheric conditions the second and third stage deviate from each other. The first
stage is dominated by the evaporation of the excess solvent and characterized by small
PCBM aggregates forming mainly towards the end of this stage. Once the critical solution
concentration is reached, the polymer starts to crystallize in the next stage. For the film
printed under dry gas conditions the crystallization is finished at the end of the second
stage with not yet optimized crystal packing. In contrast, for the film printed under solvent

enriched gas conditions, the polymer crystals exhibit their optimized packing at the end
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of the second stage, while the crystallization process is not yet finished. In both cases,
the crystallization of the polymer crystals leads to a repulsion of the PCBM aggregates.
During the third stage, the polymer crystals in the film printed in a dry gas atmosphere
optimize their packing, while in the film printed under solvent enriched gas conditions,
the polymer further crystallizes. The solvent annealing during that stage provides enough
mobility to the material within the film to rearrange and optimize its packing before the

fourth stage, the final film, is reached.

The presented investigation provides a path to control the solidification process through
the choice of atmosphere surrounding the printed sample. The structure formation is

modified by the immediate solvent annealing of the printed film.



9 Conclusion and outlook

This work presents investigations of the structure formation and manipulation in printed
thin films for applications in organic solar cells. The objective of this thesis is to provide
insights into the mechanisms of the morphological evolution in a printing process. More-
over, it introduces potential pathways to influence the structure formation and thereby
the performance of the printed solar cells. It contributes to the understanding necessary
to upscale the organic solar cell production to large area devices. The investigations focus
on the inner morphology by applying grazing incidence wide and small angle X-ray scat-
tering (GIWAXS and GISAXS) as well as X-ray reflectometry. The structure-function
relation is verified by electronic characterization of the thin films in terms of solar cell

performance and charge carrier mobility measurements.

The basis of all investigations is a slot-die coating setup that meets the requirements
to print organic solar cells while performing in situ GIWAXS and GISAXS experiments.
It was successfully constructed and set up in close collaboration with the Advanced Light
Source (ALS) at the Lawrence Berkeley National Laboratory (LBNL) in Berkeley, USA.
The modular design of the setup allows to implement further features like electrodes for
simultaneous application of an external electric field while printing. An additional mod-
ular feature is a chamber that allows the control over the chemical atmosphere during
the deposition process. The printer, including this chamber, is of light weight to be
implemented into a synchrotron beamline allowing in situ GIWAXS and GISAXS and
simultaneous optical characterization via reflectometry or absorption spectroscopy. This
sophisticated experimental setup enables the tailoring of the nano-structure of freshly
printed thin organic films while tracking its formation on a nano-scale. It allows us to
influence the self-assembly process in thin films by tuning a handful of macroscopic ther-
modynamic parameters (temperature, humidity, printing speed, flow rate) which enable

the production of functional films with enhanced properties.

The aim to understand the structure formation process in printed organic thin films is
addressed by in situ GIWAXS and GISAXS investigations at different substrate temper-
atures and thus different film solidification speeds. As model system, an active layer with
poly(3-hexyl-thiophene) (P3HT) and [6,6]-phenyl-Cg;butyric acid methyl ester (PCBM)

is deposited. For data treatment, an algorithm to logarithmically bin the scattering data
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is applied. The thereby improved statistics of the scattering data allows to keep a high
time resolution of the performed experiment without loss of spatial resolution and hence
enables an improved data modeling of the GISAXS data. The experiments yield a gen-
eral model of the structure formation that is divided into five stages, two of which are
dominated by the crystal growth. During the first stage, the solvent evaporates until a
critical solution concentration is reached. The crystal growth starts with a modest speed
in well aligned edge-on crystals followed by a rapid increase of crystal size and packing.
This rapid crystallization leads to a crystallization-driven phase separation. A further
optimization of the crystal packing yields the final film structure. The results of solar
cell experiments and the structure formation analysis propose a preferential slow growth
of the structure in order to improve the solar cell performance. The findings provide an
important part to understand the mechanisms taking place during solidification of slot-die
coated thin organic films and are an essential contribution towards tailoring the thin film

morphology.

The transfer of an industrial printing process using an electric field during ink depo-
sition to the coating process of organic solar cells provides an approach to influence the
structure formation. The electrophoresis-assisted printing of active layers forces the PSHT
crystals to reorient due to dielectric forces acting on the forming polymer crystals. This
reorientation improves the hole mobility in the active layer. The intentional choice of
chloroform as solvent for the P3HT and PCBM exhibits an electrophoretic mobility of
the macromolecules in solution. This property is used during film deposition to actively
move the polymer and fullerene vertically within the still wet film directly after deposi-
tion. The vertical film composition is improved, yielding an intrinsic blocking layer as
well as improved percolation paths towards the electrodes. At the same time, the lateral
structures are conserved. This leads to an improvement of the fill factor and short cir-
cuit current by 15% and 10%, respectively. Consequently the overall device performance
is improved by 25%. The findings indicate that electrophoresis-assisted printing can be
transferred to different material combinations, including small molecules, that exhibit an

electrophoretic mobility in the respective solvent.

The application of the atmospheric control chamber during thin film deposition allows
the control of the solidification process of the printed PSHT:PCBM active layer. The mor-
phology evolution is investigated for two atmospheric conditions with in situ GISAXS and
simultaneous GIWAXS of the main crystallographic peak. The two investigated atmo-
spheric cases are a constant stream of dry helium gas above the sample and a stream
of chlorobenzene gas-enriched helium above the sample during solidification, thereby en-
abling a solvent annealing process. The structure formation is divided into four stages.

The first and the last stage are the same for both conditions, namely the evaporation of
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the excess solution during the first stage and the final film in the last stage. However,
the structure evolution is found to differ in the middle stages. During the second stage,
consisting of two phases of slow and fast crystal growth, the crystallization is finished
with not yet optimally packed P3HT crystals in the case of solidification under a dry gas
stream. In contrast, the polymer crystals exhibit an optimized packing at the end of the
second stage in the case of a stream of solvent-enriched gas. However, in that case, the
crystallization of the film has not yet finished. Consequently, the third stage of structure
evolution comprises an optimization of the crystal packing for the dry gas conditions while
a further crystallization is observed for the solvent enriched atmosphere. The findings sug-
gest that the solvent annealing implemented in the latter case provides enough mobility to
the material in the sample to rearrange. This investigation provides a path to control the
solidification process through the choice of solvent atmosphere surrounding the printed
sample. The structure formation is modified by the subsequent solvent annealing of the

printed film.

The findings presented in this work give an insight into the structure formation and ma-
nipulation during printing of organic thin films. For a broader picture the investigations
should be expanded with complementary in situ techniques, in particular with optical
spectroscopy. PSHT:PCBM is a widely studied model system that provides a benchmark
in organic solar cell research. However, for more general statements, the presented pro-
cesses need to be transfered and tested on other material systems. The presented work
and the introduced experimental setup allows to continue investigations on the structure
formation and deepen the understanding in a broader context of different materials and
parameters. A necessary next step for printed solar cells is to move towards flexible sub-
strates in order to follow the route towards large scale organic solar cells. Therefore, the
printer should be expanded with the ability to print in a roll to roll coating approach.
Further research on the implications of the film deposition on the device morphology is
necessary to address some of the five core technologies necessary for device commercial-

ization.
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