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Abstract
The present work tackles the question how the device efficiency of organic light emitting
diodes (OLEDs) can be enhanced. For this purpose, zinc oxide (ZnO) scattering layers
were tailored to improve the light extraction from such devices. In order to enhance
the photon outcoupling required for this purpose, hierarchically structured layers were
cast from solution via spray deposition and were evaluated regarding their diffuse
scattering ability. Furthermore, ZnO/PEDOT:PSS bilayers were fabricated, which
combine the ability of increased light outcoupling through enhanced scattering with the
advantages of polymeric materials used as an electrode. To identify mechanisms which
eventually lead to device failures, PEDOT:PSS electrodes were further investigated
regarding their water sensitivity by employing in situ ToF-NR measurements in humid
atmosphere. The electrical conductivity and water sensitivity is found to be linked to
the morphological structure and the excess PSS content in the thin films. Thus, weak
and strong acid post-treatments of PEDOT:PSS thin films were examined regarding
their PSS extraction yield and the associated morphological changes. Finally, the
obtained high conducting polymeric electrodes were evaluated regarding their device
performance in ITO-free OLEDs.

Zusammenfassung
Die vorliegende Arbeit beschäftigt sich mit der Frage, wie die Effizienz organischer
Leuchtdioden (OLEDs) erhöht werden kann. Zu diesem Zweck wurden aus Zinkoxid
(ZnO) bestehende Streuschichten entwickelt, um die Lichtextraktion aus solchen Gerä-
ten zu verbessern. Um die hierfür notwendige Photonenauskopplung zu steigern, wur-
den hierarchisch strukturierte Schichten mittels Sprühbeschichtung aus einer Lösung
hergestellt und bezüglich ihrer diffusen Streueigenschaften untersucht. Zusätzlich wur-
den ZnO/PEDOT:PSS Doppelschichten hergestellt, welche die Fähigkeiten der Streu-
schicht mit denen einer leitfähigen Polymerelektrode vereinen. Um Mechanismen zu
identifizieren, die zu Geräteausfällen führen könnten, wurden die PEDOT:PSS Elektro-
den weiter mittels in situ ToF-NR Messungen hinsichtlich ihrer Wasserempfindlichkeit
untersucht. Die elektrische Leitfähigkeit und die Wasserempfindlichkeit sind abhängig
von der morphologischen Struktur und dem überschüssigen PSS Gehalt in den dün-
nen Filmen. Hierfür wurden Säurenachbehandlungen von dünnen PEDOT:PSS Filmen
mit starken und schwachen Säuren hinsichtlich ihrer PSS Extraktionsausbeute und der
damit verbundenen morphologischen Veränderungen untersucht. Schließlich wurden
die erhaltenen hochleitfähigen Polymerelektroden bezüglich ihrer Leistungsfähigkeit in
ITO-freien OLEDs bewertet.
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CHAPTER1
Introduction

In the last century, the development of semiconductor based transistors and light
emitting diodes (LEDs) changed the field of application for electronics significantly.
The realization of the first point-contact transistor in 1947 in the Bell Laboratories[1]

marked the starting point of a still ongoing miniaturization process of integrated cir-
cuits that led to modern world technologies. Consequently, it was awarded with the
Nobel prize for Bardeen, Brattain and Shockley in the year 1956. In the following
decades, the field of semiconductor electronics was dominated by inorganic materials
such as Si or GaAs. The discovery of conductivity in polyacetylene by Heeger, Shi-
rakawa and McDiarmid in 1977[2] – awarded with the Nobel prize in chemistry in the
year 2000 – extended the field of semiconducting materials by polymers. In combina-
tion with the research on electroluminescence in organic materials in the 1960s,[3,4] this
led to the development of first thin film organic light emitting diode (OLED) devices
in the 1980s.[5]

Since then, the field of organic electronics presents fascinating opportunities and
possesses new possibilities for electronics. Within the last decades, a trend towards
mechanically flexible and light weight electronic devices can be observed. The inherent
flexibility of conducting polymers in combination with deposition from solution per-
mits industrial fabrication processes such as roll-to-roll printing and thus enables large
scale production. One key aspect in this field is the use of polymer electrodes. Con-
sequently, conducting polymers have been heavily investigated for their potential use
as polymeric electrodes[6–10] in devices such as organic solar cells,[11–13] OLEDs,[14–17]

sensor applications,[18,19] and most recently for organic thermoelectric devices.[20–23]
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Chapter 1 Introduction

Among the various applications of organic electronics, OLED devices are by far the
longest investigated ones and posses numerous advantages in comparison to inorganic
LED technology. As polymer science facilitates nearly infinite possible combinations
of polymers comprising of different functional groups, the materials can be tailored to
their specific needs. From this, a large amount of different emitters arise to cover a
broad color spectrum in the visible range of light. Furthermore, the Gaussian distri-
bution of energetic states in conducting polymers results in a broad emission spectrum
that leads to a more natural appearance of colors and white light. In combination with
their inherent flexibility, this enables the fabrication of (flexible) high quality OLED
displays that found nowadays widely application in smartphones and further consumer
electronics. However, the overall efficiency and especially the brightness of OLEDs are
still behind the one of inorganic devices, which is one reason why the application of
such devices in room lighting is yet at its beginning. Nevertheless, the thin film tech-
nology and adjustable color temperature of (white) OLEDs allow the fabrication of
extended surface emitting devices that facilitates a new field of application in room
lighting. In order to enhance the device’s efficiency, mainly three factors have to be
taken into account:

I. Low electrical power losses by charge carrier transport from the electrodes to the
emitting layer.

II. High conversion efficiency with high photon yield in the emitting layer.
III. Large extraction yield of the generated photons.
By the introduction of additional functional layers into the device stack, the trans-

port of the injected charge carriers to the emissive layer is enhanced. Via this so-called
band alignment, a low operating voltage is achieved that is – in the ideal case – given by
the band gap of the emissive layer itself.[5] One example for such a transport layer is the
widely used poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS).
Hence, in the best case, ohmic contacts are achieved that fulfill the first requirement (I).
Furthermore, research was focused on the conversion efficiency of the emitting layer,
sandwiched between the transport and blocking layers. The development of triplet
emitting materials that facilitate the relaxation of triplet excitons via light emission,
led to a jump in the internal quantum efficiency of OLED devices from ∼25 % to nearly
100 %.[24] Thus, the second requirement (II) is accomplished and the devices reached
almost full energy conversion via photon generation. As a consequence, the extraction
of the generated photons (III) stays a limiting factor in the device’s efficiency. In stan-
dard devices, roughly 80% of the generated photons are trapped in the device and are
eventually absorbed by the organic layers. Hence, research is focused on possibilities
to extract the generated photons in order to enhance the overall device efficiency.
In the recent years, some approaches have been developed that mainly have in

common to reduce the total internal reflection via scattering and redirection of the
generated photons towards the emission direction of the device. Typical approaches
are, for instance, based on the implementation of a thick polymer layer with embedded

2
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inorganic, high refractive index particles, such as TiO2 nanoparticles, with a diameter
in the range of the visible light.[25] Another approach is realized via scattering layers
on the substrate in the form of micro-lenses[26,27] or patterned Bragg lattices.[28] While
such approaches work very well for point emitters such as inorganic LEDs, they are
inconvenient for large scaled surface emitters such as white OLEDs. In addition, the
mentioned approaches reveal further issues, such as additional degradation effects of
the polymer layer or strong wavelength dependent scattering at the Bragg lattice.
Therefore, the present work focuses on the question how the efficiency of (white)
OLEDs might be enhanced by the implementation of such an additional scattering
layer, whereas the issues arising from its introduction are minimized. For this purpose,
it is required to insert the scattering layer in between the substrate and the typically
used indium-doped tin oxide (ITO) electrode. As a consequence, the brittle and costly
ITO electrode is replaced by the earlier mentioned PEDOT:PSS, which enables the
fabrication of a conducting ZnO/PEDOT:PSS scattering bilayer.
Hence, the most important theoretical background for the loss mechanisms arising

in OLED devices, together with the basic concepts of charge transport in organic semi-
conductors and of the employed characterization techniques, are provided in Chapter 2
of the present thesis. This chapter is followed by a specific description of the sample
preparation routines used to fabricate the mentioned scattering layers, which is shown
together with the explanation of the fabrication and treatment of PEDOT:PSS poly-
meric electrodes in Chapter 3. The spectroscopic, electrical, and structural characteri-
zation techniques required to investigate the obtained thin films are described in detail
in Chapter 4. Additionally, the construction of a spectrometric measurement setup is
shown, which allows recording of the angular and wavelength dependent transmission
of scattering layers and emission of OLED devices, respectively. Furthermore, it is
capable to determine the device’s efficiency.
In the following, a brief motivation of the presented work is provided, including a

graphical overview of the three main chapters in Figure 1.1. As mentioned earlier,
the external quantum efficiency (EQE) of OLED devices is limited by the outcoupling
efficiency of generated photons. The photon extraction is strongly reduced by organic
and substrate modes, originated in the different refractive indices of the used mate-
rials, which results for instance in total reflection at the substrate-air interface. In
order to suppress such modes, a ZnO scattering layer is examined regarding its an-
gular scattering behavior and its color stability in Chapter 5 with the aim to reduce
total internal reflection via enhanced scattering of the generated photons. ZnO thin
films are fabricated via spray deposition from solution, applying a structure directing
diblock copolymer route based on sol-gel chemistry. Additionally, PS microspheres are
introduced in order to serve as template for further scattering centers in the range
of visible light. Hence, a hierarchically structured, porous film is obtained. As the
deposition of ITO on such a film might harm the scattering layer and increases pro-
duction costs, a polymeric PEDOT:PSS electrode is employed to serve as transparent

3
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Figure 1.1
Graphical overview of the research topics addressed in the present thesis. a) Hierarchically
structured ZnO scattering layers (green) providing enhanced diffuse scattering, obtained via
spray deposition. Conducting ZnO/PEDOT:PSS bilayers have been successfully fabricated.
b) In situ ToF-NR investigation on PEDOT:PSS electrodes under high humidity conditions
(blue). Swelling and water incorporation is monitored, revealing a strong influence on the
PSS content in the film. Reproduced with permission.[29] c) Compositional and morpho-
logical investigations on highly conducting PEDOT:PSS electrodes by means of XPS and
GIWAXS (red). PSS extraction via acid post-treatment is examined and linked to the acid’s
strength, revealing compact lamellar stacking of alternating PEDOT and PSS molecules
which facilitates enhanced conductivity. Reproduced with permission.[30]
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electrode in final devices. Therefore, fabricated ZnO/PEDOT:PSS bilayers are further
investigated regarding their performance as translucent conductor.
The presence of further organic layers might potentially promote degradation pro-

cesses in final devices. For instance, PEDOT:PSS is known to have reduced conduc-
tivity in the presence of water. In addition, the PSS amount in such layers is expected
to adsorb water which might be detrimental for adjacent organic layers. As a result,
expected film swelling might create stress on the adjacent functional layers which could
increase the probability of device failure. Therefore, the influence of high humidity on
differently treated PEDOT:PSS electrodes is tested in Chapter 6. For this purpose,
the films are exposed to a water saturated atmosphere and their response regarding
water sorption and film swelling is examined in situ via ToF-NR.
In order to be able to replace the costly and brittle ITO or FTO metal oxides as

transparent electrode in organic electronics, the conductivity of PEDOT:PSS has to
be further enhanced. Its conducting behavior is strongly related to the thin film’s
morphology and its PSS content. Hence, in Chapter 7, post-treatments via weak
and strong acids are investigated upon their morphological change on the final thin
films and the PSS extraction yield. Reducing the PSS content is expected to enhance
the electrode performance and – as a side effect – reduces its sensitivity against water.
Thus, the resilience of the electrodes versus an extensive water treatment is additionally
examined. ITO-free OLED devices are fabricated with the best performing polymeric
electrodes in order to test their influence on the efficiency of final devices. Furthermore,
not only the DC conductivity is of interest for organic electronics. Since OLEDs
might be powered via a pulse-width modulation (PWM) mode to enhance lifetime and
reduce the energy consumption, the response on an alternating current (AC) is of high
importance. This behavior is especially relevant if such materials find application in
organic field-effect transistors (OFETs), as those require typically frequencies of several
kHz to MHz.
The above posted questions are tackled in the corresponding chapters of this work.

All findings obtained in the framework of the conducted thesis are put together in
Chapter 8, answering the raised questions. Based on the obtained results, an outlook
for future projects is provided in order to incite and inspire future researchers to work
in the field of organic electronics.
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CHAPTER2
Theoretical Aspects

The following chapter provides the most relevant concepts for the work conducted in
the frame of the present thesis. In the beginning, the underlying principles of structure
formation of block copolymers and the resulting templating effect for ZnO scattering
layers is explained in Section 2.1. Closely related, Section 2.2 provides information
about the Flory-Huggins theory, which is employed in a swelling model that describes
the response of polymer layers in a saturated solvent atmosphere. As the main part of
this thesis examines polymeric electrodes, some theoretical background about charge
transport in organic semiconductors is provided in Section 2.3. The thin films prepared
from these are used in OLEDs for which Section 2.4 covers the basic working principle
and typical loss mechanisms. Finally, the main techniques of characterization in this
work rely on scattering methods. Therefore, the underlying principles together with
aspects of data analysis of the used scattering techniques are provided in Section 2.5.

2.1 Diblock Copolymer Assisted Sol-Gel Synthesis
The upcoming section covers the basics of diblock copolymer assisted sol-gel synthesis,
which is used for ZnO sample preparation for Chapter 5. In the following, some basic
aspects about the micro-phase separation of diblock copolymers is given in Subsec-
tion 2.1.1. The high degree of order caused by phase separation in such a system can
be combined with common sol-gel synthesis, which yields a nanoparticle network con-
sisting of metal oxides (Subsection 2.1.2). By combining both approaches, as described
in Subsection 2.1.3, a highly ordered metal oxide network can be obtained for which
structural length scales can be tailored to fit the desired morphology.
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2.1.1 Diblock Copolymers

A A A A block B B B B
Figure 2.1

Diblock copolymer PA-b-PB.

Copolymers describe a group of special
designed polymers, consisting of different
kinds of monomers A and B. The order and
sequence of the linked monomers has a large
impact on the final behavior of the copoly-
mer. In the case of a diblock copolymer, the two monomers form different homopoly-
mers which are covalently linked together in order to build a linear chain, as depicted
in Figure 2.1. The resulting copolymer is named accordingly as polyA-block-polyB or
short PA-b-PB. The block ratio fA of such a copolymer depends on the different degree
of polymerization NA and NB of each block and is calculated according to

fA =
NA

NA +NB
(2.1)

fB =
NB

NA +NB
= 1 − fA, (2.2)

with the total degree of polymerization N = NA +NB. In general, different polymers
are not miscible and consequently phase separate in order to minimize their interfacial
area. The chains of the respective homopolymers agglomerate and specific domains are
formed. For a blend of homopolymers, pure separate phases occur, which becomes ap-
parent on a macroscopic scale with domain sizes in the order of several micrometer.[31]

In contrast, in the case of covalently bound copolymers, the domain size is restricted
to typically less than a micrometer, depending on the degree of polymerization of the
respective homopolymers. Their block lengths on the other hand govern the domain
structure. This process is referred to as micro-phase separation.
In addition to the total degree of polymerization N and the fraction of both blocks

f , the interaction parameter χ is necessary to describe the phase separation in detail.
According to the Flory-Huggins theory, the interaction parameter describes the misci-
bility of two materials and therefore can be used in order to describe the interaction
between the two blocks of such a copolymer.[32,33] The mentioned interaction parameter
calculates as

χ = χS +
χH
kB T

(2.3)

with the Boltzmann constant kB, the temperature T , and the entropic and enthalpic
part of the Flory-Huggins parameter χS and χH , respectively. The entropic compo-
nent χS considers contributions from the chain ends and the chain conformations.
For diblock copolymers, the contribution from the entropic part is more significant as
the end-to-end distance of the copolymer is longer compared to the single homopoly-
mer chains. Hence, the Flory-Huggins interaction parameter for a diblock copolymer
χA−b−B is always equal or greater than for a blend of the corresponding homopolymers,
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χA+B. In general, a small value of χ correlates to higher miscibility of the two mate-
rials, and therefore allow a mixed phase. Thus, with increasing χ the polymers start
to repel each other and tend to minimize their surface energy by phase separation.
This is in accordance to the typically enhanced solubility of most polymers with in-
creasing temperature, as the enthalpic part χH in Equation 2.3 is reduced for elevated
temperatures.
For very short chain lengths or weak interaction of the monomers, the diblock copoly-

mer becomes a homogeneous melt without any ordered structure. This becomes ap-
parent in the exemplary phase diagram for diblock copolymers, depicted in Figure 2.2,
where the relation between the domain structures and the block lengths is visualized.
Here, the parameter χN decides the degree of phase separation of a diblock copolymer.
The green line represents the order-disorder transition (ODT) between the mixed phase
and ordered structure. According to mean-field calculations performed by Leibler[34]

and Bates et al.,[35] the diblock copolymer is present in a disordered mixed phase for
χN ≪ 10.5. They showed for a symmetric copolymer with fA = 0.5 the occurrence of
a critical point at χN = 10.495 (Figure 2.2, pink dot). At this so-called weak segre-
gation limit (WSL), a phase transition from a disordered state to an ordered lamellar
structure happens with increasing χN . With further increase, the separation becomes
more distinct and the order of the structure is enhanced in the so-called strong segre-
gation limit (SSL) for χN ≫ 10.5.[31,34,35] Around the mean-field critical point, small
changes in either the polymer environment (χN) or the fraction of chain lengths (fA)
results in different structures. Therefore, various morphologies ranging from BCC or-
dered spheres, over hexagonal ordered cylinders to gyroids and lamellar structures are
available around the WSL, as depicted in Figure 2.2a-g.
In reality, the chemical difference of the monomers A and B results in asymmetric

phase diagrams. In addition, conformationally different polymer blocks, crystallization
effects or geometric limitations (confinement), e.g., going from bulk to thin films,
further influences the phase separation that intensifies the asymmetry of the phase
diagrams.

2.1.2 Basic Principles of Sol-Gel Synthesis

Sol-gel synthesis describes a wet chemical solution-based synthesis route, which has
been initially developed for the synthesis of inorganic metal oxides such as silica net-
works and carbon based materials in a solution medium.[37] In the last years, this
technique has been adapted for the development of nanostructures based on inorganic
metal oxide semiconducting materials such as TiO2 and ZnO.[38,39] The sol-gel process
itself is classified as bottom-up approach where a structured network consisting of the
given material is established from initially small molecules, that are typically the pre-
cursors for the desired material. Generally, the desired material is functionalized with
an organic group R, obtaining metal alkoxides as precursors. The resulting precursors
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Figure 2.2
Exemplary phase diagram of a conformationally symmetric diblock copolymer melt of the
form PA-b-PB. Depending on the ratio of both blocks, the phase separation leads to different
structures according to mean-field calculations.[34–36] With increasing block ratio fA of block
A, the structure of the A-domains inside the matrix of block B is changing from (a) spheres
(BCC) via (b) hexagonally packed cylinders to (c) an ordered bicontinuous gyroid network.
For an approximately equal fraction of the two blocks, (d) a lamellar structure is formed.
With further increase of fA, the morphology inverts to structures of the B-block embedded
in a matrix of A, changing again from (e) an ordered bicontinuous gyroid network via (f)
hexagonally packed cylinders to (g) spheres (BCC). The green line marks the order-disorder
transition (ODT) below which the polymeric system is present in a mixed phase. The pink
dot at χN = 10.495 and fA = 0.5 represents the mean-field critical point.
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interact with the solvent and subsequently undergo hydrolysis, as exemplary given in
Equation 2.4 for a ZnO precursor

(RCOO)Zn−OOCR + H2O
hydrol.
−−−−⇀↽−−−− (RCOO)Zn−OH + RCOOH. (2.4)

In the present case of ZnO, an acetate containing precursor is used, namely ZAD,
which is described later on page 50. A big advantage of the sol-gel approach is the
large variety of available materials that allow the fabrication of different metal oxide
layers such as TiO2.[40,41] The nanoparticles generated by the hydrolysis reaction with
the precursor form a so-called sol in the provided solution. The obtained nanoparticles
then induce secondary reactions, more precisely water and alcohol condensation (acid
for acetate group containing precursors such as ZAD), as exemplary given for the ZnO
system in Equation 2.5 and 2.6, respectively.

(RCOO)Zn−OH + HO−Zn(OOCR)
cond. 1
−−−−⇀↽−−−− (RCOO)Zn−O−Zn(OOCR) + H2O (2.5)

(RCOO)Zn−OH + (RCOO)−Zn(OOCR)
cond. 2
−−−−⇀↽−−−− (RCOO)Zn−O−Zn(OOCR) + RCOOH (2.6)

These reactions result in a cross-linking of the hydrolyzed nanoparticles, obtaining a
3D network in the solution. As the network is formed in solution, the remaining solvent
gets trapped in the created pores and consequently forms a gel. It is noteworthy to
mention that the described hydrolysis and condensation reactions 1 and 2 take place at
equilibrium conditions in the sol-gel solution. The pore size of such a network highly
depends on the reaction environment and is tunable in the sub-micrometer range via
adjusting the reaction parameters. Literature has shown that the adjustment of reac-
tion temperature, concentration, pH-value, or humidity influences the reaction kinetics
resulting in the formation of varied length scales in the nanostructured network.[42] Fur-
thermore, the reaction rate is strongly related to the size of the precursor molecules.
Larger molecules have distinctly slower reaction kinetics compared to smaller ones, as
shown by Rivallin et al.[43] However, the length scales available by the sol-gel approach
via adjusting the processing parameters is limited. Additionally, the obtained nano-
structures are typically ill-defined, which raise the need for additional templating of
the bottom-up approach. The sol-gel solution containing the synthesized nanoparticles
allow the use of solution processable deposition techniques such as spin coating, spray
coating or roll-to-roll printing.
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Typical available precursors result in an amorphous network in the final films. There-
fore, a high temperature treatment is required in order to impart crystallization of
the nanoparticles and remove the residual solvent. In the case of ZnO, typically a
calcination temperature of 400 ◦C is used. However, ongoing research proofed the re-
alization of low temperature routes, based on specially designed precursors such as
ethylene glycol-modified titanate (EGMT) for TiO2 films that provide already crystal-
lized nanoparticles after deposition.[44] Further information about the sol-gel process
in general can be found in literature.[45,46]

2.1.3 Introducing Copolymer Templates

In order to overcome the length scale limitations of sol-gel chemistry approaches and to
enhance the order of the obtained network, an additional structure directing template
can be applied. In the present thesis, diblock copolymers are introduced into the sol-
gel solution to serve as a template. Thus, their high degree of order is combined with
the sol-gel process, providing a tunable enhanced structure of the final films.
Typically used diblock copolymers are amphiphilic in nature and consist of a hy-

drophobic and a hydrophilic block, covalently linked at one end to a linear chain. By
selecting an appropriate precursor/copolymer combination, selective accretion of the
sol-gel on one of the blocks is provided, which allows tailoring of the nanoparticle
network. In the present thesis, PS-b-PEO in combination with the precursor ZAD
is used, as it provides the required selectivity for the hydrophilic block (PEO). As
described in Subsection 2.1.1, such copolymers undergo a phase transition from dis-
ordered to ordered state for χN > 10.5. The induced micro-phase separation makes
differently ordered morphologies accessible, such as spherical, cylindrical, gyroid, or
lamellar structures.
To benefit from the high order of the copolymer and obtain the mentioned structures

in solution, the interaction parameter χ can be adjusted by introducing a suitable
pair of solvents. Due to the amphiphilic behavior of the different blocks, one of the
solvents has to be selected in order to provide good solubility of both blocks. In such a
commonly called good solvent, both blocks are equally well dissolved and are present in
a relaxed, extended state. The other solvent needs to be a selective solvent, commonly
phrased as bad solvent, which is only miscible with one of the blocks. The addition of
the selective solvent leads to a series of complex thermodynamic processes, in which
one of the blocks tend to minimize its surface area to the bad solvent, which leads
to an agglomeration of the respective blocks of the copolymer. As a result, micelles
are formed in solution, in which the non-dissolved blocks form the micellar core. The
well-dissolved blocks remain in a stretched state and form the extended shell, screening
the other blocks from the selective solvent environment. In the present thesis, a polar
selective solvent is used in order to serve as bad solvent for the non-polar PS block,
whereas the hydrophilic PEO block remains dissolved. Therefore, the hydrophobic PS
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block forms the inner core, whereas the hydrophilic PEO block builds up the micellar
shell, as exemplarily depicted in Figure 2.3.

Figure 2.3
Graphical representation of a
PS-b-PEO micelle.

The obtained micelles provide a phase separation on the
nanoscale, which is used in the present study for nanostruc-
turing of metal oxides. Depending on the different weight
fractions of the solvent system, micelles of different sizes
are obtained, that can further interact with each other and
undergo fusion and separation with one another. Here, the
selectivity of the diblock copolymer towards the precursor
is of importance. In the present study, the hydrophilic
block preferentially hosts the precursor nanoparticles via
hydrogen bonds in combination with electrostatic and van-
der-Waals interactions. The incorporation of the precursor
nanoparticles in one of the polymer blocks in turn, results
in its selective swelling. Additionally to the micelle forma-
tion of the diblock copolymer, the sol-gel process happens
in the same time as described in Subsection 2.1.2. This leads to a formation of metal
oxide colloids which further cross-link to different micelles. Thus, an expanded ordered
network of nanoparticles directed by the skeletal structure of the diblock copolymer
is obtained. Furthermore, various metastable structures can be formed in solution,
caused by different equilibrium conditions in the system.[47] By adjusting the block
length of the used copolymers as well as the weight fractions of the solvents and the
precursor, a high degree of control of the accessible length scales is achieved. Addi-
tionally, the reaction environment that can be adjusted via parameters such as the
pH-value or the temperature, provide enhanced flexibility to manipulate the length
scales derived from the system, and therefore the final structure of the films.
As mentioned earlier, the chemical and physical environment of the copolymer/sol-

gel mixture has a strong impact on the reactions occurring in the solution and therefore
the final structure. Thus, it is reasonable that different kind of deposition of the solu-
tion on the substrates may result in structural variations in the final film morphology.
This is caused by the different equilibration of the rearrangement processes on the film
after deposition with respect to the drying time provided by a particular method. The
polymer/sol-gel composite solution shows mainly two opposing processes modifying
the final film morphology. Namely, the cross-linking tendency among the colloidal
nanoparticles created by the sol-gel process and the interaction among the copolymer
molecules forcing a micro-phase separation. In case the former process dominates, the
obtained structure is less ordered and resembles common morphologies obtained by a
pure sol-gel process. On the contrary, for the latter case, a more ordered morphol-
ogy is obtained if the rearrangement of the polymer chains dominates. The structure
directing influence of the polymeric matrix also depends on the size and distribution
of the provided nanoparticles. On one hand, low nanoparticle concentrations result
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in a high mobility, yielding the formation of large aggregates in the final films. Very
high concentrations on the other hand, lead to a more homogeneous distribution of
the nanoparticles along the polymer matrix, which results in a connected metal oxide
network.[40] Additional treatment of the deposited composite film such as solvent vapor
annealing may further influence the final film morphology.
As mentioned in Subsection 2.1.2, typically a high temperature treatment in ambient

atmosphere is required to obtain crystallized structures. Calcination of the compos-
ite film has the additional effect of combusting the polymer scaffold, leaving behind
the pure metal oxide network. However, low temperature routes, such as the use of
EGMT as precursor for TiO2, allow for less energy demanding polymer extraction
methods, such as decomposition of the copolymer by UV light or removal by solvent
extraction.[48,49] It is noteworthy to mention that any of these methods for removal of
the template from the system might lead to modification of the surface properties of
the films. Furthermore, the removal of the polymer matrix might cause a collapse of
the established metal oxide network, which would result in a shrinkage of the deposited
material.[50]

Overall, the diblock copolymer assisted sol-gel approach provides a high degree of
control over the obtainable length scales and morphologies of metal oxide thin films.
The large variety of available copolymers and metal oxide precursors allow a high degree
of freedom in designing and structuring functional layers for a manifold of applications.
Furthermore, by choosing different polymer block lengths and precursor concentrations
as well as adjusting the processing parameters, the functional layer morphology can
be further optimized, e.g., for exciton separation in OPV applications.[47] Being a
solution based approach, further flexibility is provided by the large number of available
deposition techniques such as spin coating or spray deposition. In addition, the solution
processibility in combination with a suitable deposition technique allows an easy up-
scalability in order to fabricate such metal oxide layers for commercial applications on
large scale. Moreover, the synthesis can be extended with further templating methods
in order to achieve hierarchical structuring, as investigated in the present study.

2.2 Swelling of Polymer Thin Films
The following section covers some of the theoretical aspects required for the examina-
tion of the swelling behavior of polymer thin films in Chapter 6. Swelling of a thin
film can be described by the absorption of a solvent, which is well miscible with a part
or component of the film. The miscibility can be described according to the Flory-
Huggins theory[32,33] with an interaction parameter χ. In general, the incorporation
of solvent molecules into a material leads to a volume increase. As for thin films the
volume expansion is preferred into the direction of the surface normal, film swelling
can be observed. The increase in the relative thickness d(t)/d0 can be observed via
several methods such as WLI, XRR, or NR, as long as the time resolution is capable
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to follow the thickness changes. In the present thesis, ToF-NR is selected in order
to follow the swelling kinetics, as it allows for monitoring the thickness change and
the SLDN change independently from each other. By selecting an appropriate solvent,
such as D2O, with a high SLDN difference to the film, the material composition can
be determined, which translates to the amount of absorbed solvent by

Φsolv(t) =
SLD(t) − SLDinit
SLDsolv − SLDinit

, (2.7)

with the SLDs of the swollen film (SLD(t)), of the pure solvent (SLDsolv), and of the
initially dry film (SLDinit). The solvent incorporation together with the film thickness
holds information about the swelling kinetics and the dynamic processes in the thin
film. The used solvents in the present study are H2O and D2O and therefore are
denoted in the following as water.
The water content and relative thickness increase for thin films obtained from ToF-

NR measurements are described according to a humidity sensitive model introduced
by Magerl et al.[51] The swelling model takes into account an intrinsic swelling process,
which describes a swelling driven by diffusion of the evaporated solvent molecules into
the film. The diffusion driven swelling can be described by an exponential function[52]

d(t)
d0

=
d∞
d0
− (d∞

d0
− 1)B exp (− tτ ) . (2.8)

Here, d∞/d0 describes the maximum swelling ratio the film is able to reach for a given
relative humidity. d0 is the initial film thickness and d(t) is the measured film thickness
at a given time t. The specific time constant of the diffusion of the solvent molecules
into the polymer film is denoted as τ . The parameter B takes into account the sam-
ple’s geometry and reaches for thin films in the first order typical values of B ≈ 0.6.[52]

The swelling process is time dependent and reaches for an infinite time t asymptoti-
cally a saturation state, for which the concentration gradient of the solvent molecules
equilibrates with the absorption of the solvent molecules in the film. The maximum
swelling ratio can be derived from Equation 2.8 as

d∞
d0

=

d(t)
d0

−B exp (− tτ )

1 −B exp (− tτ )
. (2.9)

The absorption of evaporated solvent molecules by a polymer can be regarded as a
dissolution process similar to that in liquid solvents. Thus, the equilibrium sorption
and therefore the maximum swelling at saturation of a polymer at a certain relative
humidity p/psat of water vapor can be described by regular solution theory[53] as

ln (
p

psat
) = ln (1 −

d0

d∞
) + (1 −

Vwater

Vpolymer
) d0
d∞

+ χeff (
d0

d∞
)

2

, (2.10)
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Figure 2.4
Exemplary plot of the applied swelling model (bot-
tom) for a fast increasing relative humidity (top)
saturating around ∼95 % relative humidity. The
difference of the maximum achievable swelling
(dashed orange) to the measured swelling ratio
(blue) is caused by the diffusion of the solvent
molecules into the polymer thin film. Thus, for a
rapid increasing relative humidity in the beginning,
the swelling is limited by the diffusion of the solvent
molecules into the polymer network. If the humid-
ity increase slows down and the relative humid-
ity approaches an equilibrium state, the swelling is
mainly dominated by the small humidity changes.

where d0 and d∞ are the initial and the maximum film thickness at equilibrium con-
ditions, respectively. Vwater and Vpolymer describe the molar volumes of water and the
polymer. As polymers typically show a large molar volume compared to the solvent,
the fraction becomes in practice Vwater/Vpolymer ≈ 0 and therefore can be neglected. As
further effects such as the interaction of the solvent with the substrate cannot be
neglected and easily be separated, the interaction of the solvent with the polymer
is denoted with the effective Flory-Huggins interaction parameter χeff . As seen in
Subsection 2.1.1, a small interaction parameter translates to good miscibility of the
components, in this case the polymer and water, and therefore is an indication of the
polymer film’s hydrophilicity.
In the case of swelling experiments, the relative humidity rises and no equilibrium

conditions are present. Thus, the swelling is coactive driven by diffusion of the solvent
molecules into the polymer film and the rising humidity, which increases the evaporated
solvent concentration in the samples environment. Both contributions are considered
by combining Equation 2.8 and 2.10 in an implicit function that can be solved numer-
ically to obtain the fitting parameters τ , χeff and B. In practice, the required relative
humidity p/psat is simultaneously tracked and reproduced by a set of exponential func-
tions in order to interpolate the measured humidity data to match the time evolution
of the relative thickness and SLDN measurements.
An exemplary solution of the swelling model along with the corresponding maximum

swelling ratio and the related relative humidity changes are depicted in Figure 2.4. In
the beginning of the swelling experiment, the relative humidity increases faster than
the solvent molecules can diffuse into the thin film. Therefore, the swelling ratio is in
the beginning limited by diffusion and follows predominantly Equation 2.8, which is
responsible for the delayed film response. As soon as the relative humidity reaches an
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equilibrium state, diffusion of the solvent molecules into the thin film happens on a
faster time scale than the humidity changes in the atmosphere. Thus, at this stage,
the swelling ratio is limited by the relative humidity and follows Equation 2.10.
Due to the adhesive forces of thin films to the substrates, the film swelling is mainly

restricted into the direction of the surface normal, which becomes apparent in a thick-
ness increase. Therefore, the swelling ratio of Equation 2.8 translates to the polymer
volume fraction and is related to the water content Φwater(t) in the thin film by[51]

d(t)
d0

=
1

1 − Φwater(t)
. (2.11)

This relation enables the use of the above described swelling model on the measured
water content derived from SLDN values via Equation 2.7. Therefore, the effective
Flory-Huggins interaction parameter and the diffusion time constant can be further
verified.

2.3 Organic Semiconductors

In the last decades, polymers have been proven as very versatile to tailor materials
with specific mechanical or thermodynamic properties, which is originated in the infi-
nite possible combinations of organic molecules. In general, polymers are considered
as electrically well insulating and chemically stable and therefore are often used for
encapsulating or insulating electronic circuits. However, chemical composition of some
polymers enables charge transport under certain conditions. Heeger, MacDiarmid and
Shirakawa reported in 1977 about an increase in electrical conductivity in the sim-
ple polymer polyacetylene upon iodine vapor exposure. The chemical doping revealed
a conductivity increase of seven orders of magnitude and leads to an metal-insulator
transition in the conjugated polymer. These observings proved to be an important step
for understanding the generation and transport of charge carriers in polymers. Hence,
these processes are of utmost importance to understand the electrical conductivity in
polymers. The simple chemical structure and high periodicity of polyacetylene makes
it to an ideal case study for understanding the properties of such semiconducting poly-
mers. The theoretical background regarding the band structure formation and charge
carrier transport is given in the following section.

2.3.1 Band Structure in Polymers

An important factor for the conductivity in polymers is the hybridization of the carbon
atoms of the polymer backbone. The four valence electrons of a carbon atom are
unequally filled into the 2s and two of the px,y,z-orbitals. As it is energetically more
favorable to distribute these electrons homogeneously, three equally filled sp2 hybrid
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orbitals are formed. Those hybrid orbitals are energetically equivalent and planar
distributed, leaving behind a single pz-orbital, each orbital filled with one electron.
The hybrid orbitals then contribute to σ-bonds, while the single electron in the pz-
orbital enables more stable π-bonds. With increasing chain length, the number of
π-bonds is increased, leading to a conjugated π-electron system along the polymer
backbone, which is the origin for its semiconducting behavior. As a result of the long
sequence of conjugated bonds, a 1D crystal is obtained in which each carbon atom
contributes with one electron to the delocalized π-electron system.
In the ideal case of an infinite long linear chain, all bonds between the carbon atoms

reveal an equivalent distance of a that leads to equally distributed electrons over the
whole chain. These delocalized electrons behave nearly as free electrons and therefore
form a parabola shaped dispersion relation En(k) ∝ k

2, as depicted in Figure 2.5a.
The periodic sequence of the carbon atoms (ions) with distance a reveals periodic
fluctuations in the electron density. Thus, charge density waves are formed that allow
collective transport of charge carriers along the chain. The interference of different
wave functions at the intersection of higher order Brillouin zones (BZs) leads to the
degeneration of the states. Therefore, the group velocity of these charge density waves
becomes vn,k ∝ ∂En(k)

∂k
= 0 at the end of the BZ and nodes of standing waves are

formed, which flattens the dispersion relation at the BZ’s edge. As each carbon atom
is contributing one electron to the π-electron system, the energy band in Figure 2.5a
is half filled and charge transport is enabled.
However, according to the Peierl’s instability theorem, such a 1D chain with equally

spaced ions, contributing one electron each, is unstable. The formation of a binding
(π) and anti-binding (π∗) molecule orbital is energetically favored in comparison to
separated equitable atomic orbitals. Therefore, already a small distortion δ is sufficient
to deflect one of the ions and form alternating spaced bonds with a ± δ. This so-
called Peierl’s transition or dimerization leads to a new periodicity with doubled lattice
spacing 2a, which in turn results in a bisected BZ, as depicted in Figure 2.5b. As the
total number of available electrons is not changed, the newly created band is completely
filled while all states in the 2nd order band are unoccupied, corresponding to the π- and
π
∗-orbitals, respectively. As the wave functions form again nodes at the newly created

BZ’s edge, the energy dispersion flattens and creates an energy gap in between. This
bisection of the BZ results in small energy savings that favors this state in comparison
to an equally spaced chain. The energy savings and therefore the size of the energy
gap is limited by the elastic cost of the lattice/polymer chain which is required to
rearrange the lattice. However, the Fermi level is now located in the newly created
energy gap, which conforms the base of the semiconducting properties of the polymer
and explains their generally insulating behavior
As analogous to classical inorganic semiconductors, the formation of the energy gap

defines two energy bands. According to the theoretical approach of the linear combina-
tion of atomic orbitals (LCAO), the overlap of neighboring pz atom orbitals results in
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Figure 2.5
Schematic illustration of the band structure in polymers derived via the Peierl’s instability
theorem. a) Band structure of a one-dimensional equidistant metal chain. b) Dimerization
leads to formation of a superstructure which cuts the BZ into half and creates an additional
energy band gap Eg at ∣kF∣ = π

2a . Sketches of the corresponding 1D chain with lattice
spacing a and 2a are depicted above.
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Figure 2.6
Formation of band structure derived from LCAO. For a large number of coupled units,
HOMO and LUMO states forming energy bands separated by a band gap Eg, an ionization
energy Ei and an electron affinity Ea with respect to the vacuum energy level Evac (inspired
from Schaffer[54]).
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Figure 2.7
a) Both mesomeric ground states of polyacetylene leading to a soliton formation at the meet-
ing point of phase A and B (exemplary sketch). b) The calculated probability distribution
∣Φ0(x)∣2 of the soliton extends over ∼14 carbon atoms in each direction.[55]

two different solutions of the corresponding Schrödinger equation. The obtained wave
functions describe the earlier mentioned binding (π) and anti-binding (π∗) molecule
orbitals, that are located at lower and higher energy with respect to the single pz-
orbitals, respectively (n = 1 in Figure 2.6). With further polymerization, the number
of carbon atoms and therefore the number of π- and π∗-orbitals is increased. As each
carbon atom undergoes this process twice, one for each of its neighbors, the amount
of states is doubled. With increasing chain length and degree of polymerization, the
number of π/π∗-orbitals is consequently increased, while the corresponding binding
and anti-binding states show a closer packing, separated by an energy gap. For an
infinite long chain, the binding and anti-binding states merge, forming the so-called
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), which are equivalent to the valence and the conduction band for inorganic
semiconductors (n → ∞ in Figure 2.6). Consequently, the HOMO and LUMO are
separated by the energy band gap Eg.

2.3.2 Charge Transport in Polymers

Charge Carrier Generation

According to the Peierl’s instability theorem and the LCAO approach in the previous
section, the HOMO and LUMO bands of polymer chains are separated by an energy
gap. As the Fermi level is located in between this energy gap, no charge transport is
possible and the polymer is referred as insulating or semiconducting material. However,
the natural appearance of charge carriers in polymers is mainly related to defects in
the polymer structure created by bonding irregularities, kinks or chemical defects and
so forth. The simple linear chain of polyacetylene makes it again a suitable case study
for charge carrier creation in polymers.
Polyacetylene generates a conjugated π-electron system consisting of alternating sin-

gle and double bonds. Thus, two degenerated ground state configurations are present,
depicted in Figure 2.7a as phase A and B. The double and single bonds can swap and
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Figure 2.8
Overview of main charge carriers present in conducting polymers on the example of poly-
acetylene. Top row shows neutral, positive and negative charged solitons with their cor-
responding total spin S and charge Q. By combination of several solitons, further quasi-
particles (QPs) are created as shown in the second (polarons) and third (bipolarons) row
(adapted from Palumbiny[56]).

both phases can transform in each other one. The meeting point of the different phases
reveals a defect in the polyacetylene chain, leaving behind a single unpaired electron,
which forms a quasiparticle (QP) state. The negative charge of the generated radical
and the positive charge of the corresponding carbon nucleus cancel out and the QP
state is consequently named as neutral soliton (S0). Therefore, the net charge of the
neutral soliton is Q = 0, while the total spin is S = 1/2. According to the Su-Schrieffer-
Heeger (SSH) theory, named after Su, Schrieffer, and Heeger, the created QP state
is located in between the energy gap of the HOMO and LUMO bands.[55] Thus, the
unpaired electron provides an unoccupied QP state that enables electrical conductiv-
ity along the polymer chain. The soliton can be described as a charge density wave,
that is able to travel along the chain, as mentioned in Subsection 2.3.1. According to
the SSH theory it is expanded over ∼14 carbon atoms,[55] as depicted in Figure 2.7b.
Furthermore, the effective mass of a soliton is found to be ∼6× the mass of a free
electron me. Due to a small activation energy of ∼2 meV ≪ kBT , solitons are widely
present at room temperature and will eventually meet.
Removal of the unpaired electron from the chain by, e.g., an oxidizing agent, yields a

positive net charge. Consequently, a positive charged soliton with a total spin of S = 0
is created. Similarly, by adding an electron to the neutral soliton, e.g., by a reducing
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agent, a negatively charged soliton (S−) is formed. Coupling of different solitons leads
to the formation of further QPs, such as polarons (P+/−) and bipolarons (B+/−), or
annihilation of the QP state. In contrast to solitons, only charged QPs of higher
order are possible. In Figure 2.8, an overview of the most common charge carriers
present in polyacetylene is provided. It is noteworthy to mention that polarons are
typically the dominating kind of charge carriers present in conducting polymers. Even
polyacetylene is an ideal candidate for showing the generation of QP charge carriers,
due to the degenerated ground state, it is also the only polymer where the creation of
solitons is possible.
The generation of charge carriers, and therefore the available states that contribute

to electrical conductivity, can be increased by doping of the polymer. To do so, typi-
cally oxidizing agents are introduced in order to form positively charged polaronic and
bipolaronic states along the polymer chain. Even the creation of negatively charged
QPs is possible via application of reducing agents, it typically requires more complex
systems which are further less chemically stable. Therefore, p-doped organic semicon-
ductors are more popular. This process is commonly referred as primary doping of
polymers and thus charge transport along the chain is favored. In the case of poly-
acetylene, the presence of iodine vapor led to an increase in electrical conductivity of
seven orders of magnitude.[2] However, in contrast to inorganic semiconductors where
only a small amount of dopants are necessary in order to enhance the conductivity sig-
nificantly, for organic semiconductors much larger amounts are required. For example
in the case of PEDOT:PSS, which is subject of investigation in the present thesis, the
mixing ratio of PEDOT and the dopant PSS is close to 1.

Charge Transport Mechanisms

Charge carrier transport of QPs along a conjugated polymer backbone and ordered
crystals is considered as highly efficient. This band-like transport is well described
via the earlier mentioned SSH theory, in which highly delocalized QPs move freely
along the polymer chain.[55] Similarly to inorganic semiconductors, this type of charge
transport highly depends on the order of the system and therefore is limited by per-
manently or temporarily chain defects. This includes for example kinks and chain
ends or phonons, respectively. The interaction of the QPs with lattice vibrations is
responsible for the decrease in conductivity with rising temperature, as the coherent
charge transport along the chain is altered.
The band-like transport depends on the size of the extended π-electron system,

which is related to the order of the whole system. As (semi-)conducting polymers
show typically a high amount of amorphous or semicrystalline regions, the band-like
transport is limited to microscopic regions. The distribution of such crystalline regions
in an amorphous polymer matrix results in an energy landscape with locally defined
domains of band-like transport. The small variations in the energy landscape are
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Figure 2.9
Graphical representation of the hopping transport in polymers. Hopping transport occurs
between localized states with a Gaussian energy distribution and disorder parameter κ (blue).
Density of states (DOS) is partially occupied and reveals so-called steady-state charge distri-
bution with its center shifted by κ/kBT (orange). Excited charge carriers undergo relaxation
by downwards hopping to trap states (T = 0 K). Hopping upwards is thermally activated
(T > 0 K) and leads to charge transport around the effective transport energy ET (adapted
from Deibel et al.[62]).

typically described via the Bässler model, in which the energy states are Gaussian
distributed and charge carriers require a small amount of energy to tunnel from one
site to another.[57,58] The probability for tunneling between adjacent sites was first
described in terms of a hopping rate by Marcus,[59,60] while Miller and Abrahams
followed a similar approach.[61]

vij = v0 exp (−2 γ∆Rij)
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

exp (−
εj − εi
kB T

) for εj > εi

1 for εj ≤ εi
(2.12)

Hereby, v0 is a model prefactor, γ the inverse localization radius, and Rij the distance
between two sites i and j, with their corresponding energy εi,j. The first term in Equa-
tion 2.12 describes the tunneling probability, whereas the second part contributes with
a temperature dependent hopping probability. Thereby, if the energy of the target site
exceeds the one of the starting site (εj > εi), the probability of tunneling is enhanced
for higher temperatures, while the tunneling is independent on the temperature in
case the target site has lower energy (εj ≤ εi) and relaxation occurs. This process is
commonly referred to as hopping transport and is found to be a good approximation
for describing the macroscopic charge carrier mobility in organic semiconductors.
However, both processes of band-like and hopping transport contribute to the macro-

scopic conductivity. Which mechanism dominates, is related to the morphology and
crystallinity of the polymer. Thus, band-like transport is dominating in highly crys-
talline regions, while the charge transport in semicrystalline and amorphous polymers is
typically defined by the hopping transport. For providing a framework of the combined
hopping and band-like transport, the Gaussian disorder model has been introduced,[62]

which is depicted in Figure 2.9. Hereby, it is assumed, that the energetic disorder of
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the hopping sites is Gaussian distributed with a width of κ, which results in a Gaus-
sian density of states (DOS). These sites are partially filled and resemble the Gaussian
distributed charge carrier density. The center of the steady-state charge distribution
is shifted to lower energies by κ

2/kBT . In between the energy gap, defined by the center
of charge carrier density and the DOS, the so-called transport energy ET is located.
Charge carriers nearby the transport energy can potentially be thermalized and receive
sufficient energy to overcome the energy barriers to adjacent sites, which becomes ap-
parent in hopping/tunneling to neighboring sites. In the case of T = 0 K, no transport
energy is provided, therefore no thermalization happens and charge carriers relax in
trap states.
In order to achieve high conductivities in amorphous and semicrystalline polymers,

the hopping transport has to be optimized. As described above, this is strongly related
to the morphology and the arrangement of the highly conducting crystalline regions
embedded into the amorphous polymer matrix. Therefore, the structure and the crys-
tallinity of the polymer chains needs to be enhanced, which is commonly referred to as
secondary doping. The interplay of band-like transport and hopping transport leads to
a macroscopic mobility µ which defines a charge carrier drift velocity v⃗ for an applied
electric field E⃗ by

v⃗ = µ E⃗. (2.13)

Considering the contribution of the QP charge q and the corresponding charge carrier
density n, the current density j⃗ can be determine as

j⃗ = σ E⃗ = n q µ E⃗. (2.14)

2.4 Organic Light Emitting Diodes
Due to their versatile capabilities, organic semiconductors gained increasing interest
in the last decades. They conquered fields in research and industry which were for-
merly exclusively belonging to inorganic semiconductors. Due to the infinite possible
combinations of polymers, organic semiconductors allow tailoring their characteristics
to the required needs. Thus, they found application in organic field-effect transistors
(OFETs),[63] organic lasers,[64] organic photo detectors,[65] or organic solar cells.[62,66]

However, organic light emitting diodes (OLEDs) are by far the longest investigated
devices. Beginning with the first observations of electroluminescence in anthracene
single crystals in the 1960s,[3,4] the discovery of high conductivity in polyacetylene
obtained by doping[2] paved the way for thin film devices in the 1980s.[5] With the de-
velopment of such green emitting thin films, first commercial displays became already
available in the 1990s. Improvements in the last decades, such as high internal quan-
tum efficiencies (IQEs),[24] made them widely available in today’s display technology.
In the last years, white OLEDs reached efficiencies which made them also competitive
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Figure 2.10
Schematic representation of a typical OLED de-
vice stack. The emissive layer (EL) is sandwiched
between electron/hole blocking layers (EBL/HBL),
hole/electron transport (HTL/ETL) and injection lay-
ers (HIL/EIL). A transparent anode and reflecting
cathode is used to apply an external field and di-
rect the generated photons into the substrate direction
(adapted from Riedel[73]).
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in room lighting applications.[67–69] The upcoming section covers some basic principles
about OLED devices (Subsection 2.4.1) and draws attention to their different mech-
anisms that resemble the final device efficiency (Subsection 2.4.2). Subsection 2.4.3
covers typical optical loss mechanisms that occur in OLED devices which limits the
total external quantum efficiency (EQE). Possible approaches to partly overcome the
described loss mechanisms are subject of investigations in the present thesis and are
especially tackled in Chapter 5.

2.4.1 Device Stack & Working Principle

The most simple OLED consists of a light emitting organic layer sandwiched between
an anode and a cathode, where one of them has to be transparent for light extrac-
tion. Over time, the simple device stack has been optimized via additional injection,
transport and blocking layers in order to enhance the device’s efficiency.[70] Such an
idealized OLED device stack is depicted in Figure 2.10. As the layer thicknesses varies
between 10 nm – 100 nm, a mechanical stable and transparent substrate is required
to support the thin film device. Furthermore, flexible devices can be fabricated by
choosing appropriate electrode materials and substrates. Depending on the type of
OLED, the different layers are deposited via evaporation (e.g. small molecules) or
are processed from solution. While the first one typically provides higher control and
device efficiency, the latter one is suitable for large scale applications. Typically, ITO
and evaporated aluminum is used as anode and cathode, respectively. The depicted
device stack (Figure 2.10) represents the typical composition of a single color OLED.
For fabricating white OLED devices a more complicated stack is required. One option
is combining several stacks in a so-called active matrix geometry, where each pixel is
built up by three differently colored OLEDs. This kind of device is typically used in
display applications. Another option is combining differently colored emitters in an al-
ternating layer stack,[14,68,71] so-called tandem OLEDs, or mixing the different emitters
with appropriate weight ratios in one single emitting layer.[72]
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Figure 2.11
Schematic representation of the working principle of a typical OLED device. (1) Charge
carriers are injected from the anode and cathode via the corresponding injection layers
(HIL/EIL) into the HOMO and LUMO, respectively. (2) Positive charge carriers travel
through the HTL and the EBL and accordingly negative charge carriers travel through the
ETL and HBL towards the EL. (3) Due to the blocking layers, the charge carriers accumulate
at the emitting layer. (4) Exciton generation eventually leads to recombination and photon
emission (adapted from Riedel[73]).

All kind of them have the basic working principle in common, which is depicted
in Figure 2.11 for an ideal device. Hereby, the materials for the different layers are
carefully chosen in order to minimize energy barriers for charge carrier injection and
transport. By applying an operating voltage, charge carriers are injected at the an-
ode and cathode into the device. The obtained electrical field leads to a drift current
through the transport layers and charge carrier accumulation at the blocking/emissive
layer interface. There, excitons are formed which eventually decay via photon recombi-
nation. In order to reduce radiationless recombination and avoid short circuits between
the contacts, the blocking layers are adjusted to provide a large energy barrier for the
complement charge carriers. In the ideal case, the band alignment is set such that
only ohmic contacts occur and the required operating voltage is mainly defined by the
band gap of the emitting layer (EL).
Besides the band alignment, the layer thickness is an additional important parame-

ter. Careful adjustment is required in order to optimize charge carrier transport and
exciton generation. The latter highly depends on the thickness of the emission layer,
as exciton generation requires Coulomb interaction between the positive and negative
charged quasiparticles. Therefore, the accumulated charge carriers at the interfaces
need a distance below the Coulomb radius of

rc =
q

2

4 π ε0 εr kB T
, (2.15)

where q is the QP charge, kB Boltzmann’s constant, T the temperature, and ε0 and
εr the dielectric and relative permittivity of the material. Compared to inorganic
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semiconductors, the relative permittivity for polymers is much smaller (PPV: εr ≈ 3,
GaAs: εr ≈ 13), which results in larger Coulomb radii (PPV: rc ≈ 20 nm, GaAs:
rc ≈ 4 nm).[74,75] Therefore, the Coulomb screening of the Frenkel excitons in organic
semiconductors is not as pronounced as for inorganic materials, which results in a
strong exciton binding energy and small exciton radii. The generated excitons may
eventually decay by photon emission. In order to enhance the radiant recombination,
the layer thickness of the EL is typically set to 10 nm – 20 nm. It is noteworthy to
mention that the strong exciton binding lowers the energy of the optical band gap
compared to the transport band gap, which is defined by the HOMO and LUMO
level of the emitting layer. Therefore, the emitted photon has typically a slightly
lower energy. Furthermore, the Gaussian disorder of the HOMO and LUMO levels, as
discussed in Subsection 2.3.2, result in a band gap distribution, which becomes visible
in a broad emission spectrum of the OLED.

2.4.2 Efficiency Aspects

The performance of an OLED can be described in terms of its luminous power, which is
measured in lumen (lm) per consumed electrical power (W). As this value is normalized
to the human’s eye sensitivity, a more practicable measure is the luminous efficiency,
which gives the brightness (luminance) of an OLED for a certain current input (cd A−1).
The latter one is equivalent to the external quantum efficiency (EQE) of a device. The
main requirement for a high EQE is that the injected charge carriers are converted
with a high yield to emitted photons. Therefore, the EQE of an OLED device is given
as[75]

EQE = γ ηs/t ηLÍ ÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÑÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÒÏ
IQE

ηout, (2.16)

where γ is the charge carrier ratio in the emitting layer, ηs/t is the amount of states
in the system providing emissive recombination, ηL is the luminescence yield of the
emitting chromophore, and ηout is the outcoupling efficiency. The charge carrier ratio
γ can be adjusted by tailoring the injection and transport layers in order to fit the
different charge carrier mobilities. By this procedure, a charged particle equilibrium
can be reached in the emitting layer and leads in an ideal case to γ = 1.
ηs/t gives the probability of exciton creation that leads to emissive recombination in

the system. It can be estimated by the singlet-triplet ratio of the emitter. According
to spin statistics, the probability for exciting a singlet and triplet exciton is 25 %
and 75 %, respectively.[75] Therefore, for a singlet emitter, ηs/t is limited to ∼25 %.
In the case of triplet emitters, heavy atoms such as iridium are introduced into the
chromophore that enables an enhanced intersystem crossing probability, e.g., for the
green emitter Ir(ppy)3. Thus, the lifetime of triplet excitons is reduced, which results
in a depopulation of the triplet levels. Thereby, the probability of exciton generation
that can recombine via photon emission is close to ηs/t ≈ 100 %.[24,76]
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The luminescence yield ηL of the chromophore is a measure for the photon gener-
ation efficiency of the emitting material. It describes the ratio of generated photons
to the number of excitons which are able to recombine via photon emission. Exci-
ton annihilation, quenching and self absorption can reduce this efficiency. The above
mentioned values together are often referred to as the IQE.
The last factor ηout in Equation 2.16 is a measure for the extracted photons that

actually leave the device and contribute to the emitted light intensity. In the last
years, research was mainly focused on enhancing the IQE via layer optimization of the
the device stack, yielding the outcoupling efficiency to be the main limiting factor in
OLED devices. Typical loss mechanisms occurring in such devices are discussed in the
following section.

2.4.3 Loss Mechanisms in OLEDs

As seen in Subsection 2.4.2, the efficiency of an OLED device relies on many differ-
ent factors, where each of them can limit the total device performance. By adjusting
the energy levels via appropriate material selection and proper band alignment low
operating voltages are achieved. Thus, introducing the above mentioned injection,
transport, and blocking layers and matching them up with the properties of the emis-
sion layer, gives a good control on the IQE. Furthermore, by using so-called triplet
emitter materials a high quantum yield is achieved, which results in an IQE of nearly
100 %.[24,77] Thus, each injected pair of charge carriers leads to an exciton creation and
further generates a photon, which subsequently contributes to the emission. With an
IQE ≈ 100 % and according to Equation 2.16, the outcoupling efficiency ηout becomes
the limiting factor in the device efficiency. The following section discusses some of the
occurring loss mechanisms that limit the photon extraction from OLED devices.
An OLED, schematically depicted in Figure 2.12, consists of different stacked ma-

terials with varying thicknesses and refractive indices. Due to the changes in the
refractive index, especially at the organic/metal and organic/substrate interface, an
OLED can be considered as an asymmetric 2D wave guide. The thickness and refrac-
tive index difference of the layers is comparable to the quantum mechanical problem of
a particle in a potential well. Thus, organic modes are established in the layers, which
cannot leave the device and are eventually absorbed by the organic. Together with
surface plasmon polaritons, that are formed at the organic/metal electrode interface,
around 40 % – 50 % of the generated photons are trapped in the device by such organic
modes.[73]

The second essential limiting factor for photon extraction is the reflection at each
layer interface, as depicted in Figure 2.13. Where the refractive index changes from
high to low values, such as for the substrate/air interface, total reflection occurs. Thus,
the reflected photons are either redirected into the organic layers and become absorbed
or are trapped in substrate modes. In both cases they cannot contribute to the emission
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Figure 2.12
Graphical representation of loss mechanisms in OLEDs. ∼50 % of the generated photons
stay as guided modes or surface plasmon polariton modes in the organic layers and at the
organic/metal interface (orange lines). These photons become eventually absorbed by the
organic. ∼30 % are redirected via total reflection at the substrate/air interface (orange
arrows) to the organic layers or may eventually leave the device at its edges. Only ∼20 % of
the generated photons are able to leave the device to the emission direction (orange cone),
which defines the outcoupling efficiency ηout and therefore limits the overall device efficiency
(adapted from Riedel[73]).

and reduce the device efficiency. As the substrate is thick in comparison to the emitted
wavelength (d≫ λ), the total reflection can be described with classical optics:

sin(θ1) =
n2
n1

sin(θ2). (2.17)

θ1 θ1

θ2

n1
n2

Figure 2.13
Graphical representation
of Snell’s law.

According to Snell’s law in Equation 2.17, total refection
occurs for incident angles θ1 > θc, which is the case for
sin(θ2) = 1 and n1 > n2. For a glass/air interface with
n1 ≈ 1.5 and n2 ≈ 1, the critical angle becomes θc ≈ 42°
and therefore is crucial for surface-emitting light sources such
as OLEDs. Hence, due to substrate modes, the amount of
emitted photons is further reduced by ∼30 %.
All together, the extracted photon yield for a common

OLED is limited to roughly 20 %,[78,79] as depicted in Fig-
ure 2.12. The internal loss mechanisms trap a significant
amount of generated photons in the device that become eventually absorbed and limit
the overall EQE. Organic and substrate modes can be potentially suppressed by cancel
the planar 2D wave guide geometry. This can be realized, for example, by introducing
patterned low refractive index layers into the thin film device,[28] or patterning the
substrate via micro-lens arrays.[26,27] However, patterning the device in such a way
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typically results in scattering with a strong wavelength dependency that leads to a
color shift of the redirected light. This is less significant for colored LEDs, as the
pattern can be adjusted in order to match the emitted wavelength, but it becomes
problematic for white light sources. Therefore, a more randomly structure can be
achieved by self-organizing approaches such as embedding scattering centers into a
polymer matrix.[25]

Another approach is the implementation of an additional scattering layer in order to
redirect the generated photons and reduce the total reflection, as depicted in Figure 5.1.
By adjusting the refractive indices of the materials, organic modes may further be
suppressed which would further enhance the extracted photon yield. In Chapter 5,
the application of a ZnO scattering layer with hierarchical structure with additionally
implemented scattering centers in the size of the visible light wavelengths range is
tested. In combination with highly conducting polymer electrodes, this potentially
allows the fabrication of flexible devices with enhanced outcoupling efficiency.

2.5 Scattering

Structural investigations in the present thesis are performed by employing scattering
techniques. In contrast to real space imaging techniques, scattering with X-rays or
neutrons provide statistical information about a large sample volume with a certain
penetration depth. In the present thesis, elastic scattering is performed, where the
energy of the incident beam Ei of X-rays or neutrons is preserved and equals the energy
of the final beam (Ei = Ef). In the upcoming section, some basic concepts and general
definitions about scattering with X-rays and neutrons are provided in Subsection 2.5.1.
In Subsection 2.5.2 the underlying principle of small angle scattering is discussed,
including the applied model for data analysis. Subsection 2.5.3 covers the theoretical
background on wide angle scattering, including required corrections to account for
the measurement geometry. Lastly, in Subsection 2.5.4, the gravitational effect for
neutron measurements and the special feature of ToF mode is described, which allows
the simultaneous measurement of a neutron bunch with different wavelengths.

2.5.1 Basic Concepts

The underlying concept of scattering is based on the response of an incoming beam
on the change in the refractive index n(r⃗, λ) inside one material or at material inter-
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faces. The modulus of the incoming beam is described with ki =
»»»»»k⃗i

»»»»» =
2π/λ and the

wavelength λ. The refractive index of matter is then given as[80]

n(r⃗, λ) = 1 − δ(r⃗, λ) + iβ(r⃗, λ) (2.18)

= 1 − λ
2

2π R(SLD) + λ
2

2π I(SLD)

where δ(r⃗, λ) and β(r⃗, λ) describe the dispersive and absorbing part of the material,
respectively. The dispersion and absorption can be further expressed by the real and
imaginary part of the scattering length density (SLD). In good approximation, the
SLD can be computed in terms of the scattering length contribution of each atom per
volume. For hard X-rays (E ≳ 5 keV) and neutrons, the dispersion is typically very
small and almost no absorption is present (1 ≫ δ > β). Thus, the refractive index
just slightly deviates from unity. If two materials can be distinguished by scattering,
and therefore provide scattering contrast, depends on the difference of their refractive
indices

∣∆n∣2
= ∆δ2

+∆β2
. (2.19)

Therefore, a high difference in the refractive index, or the equivalent SLD, scales with
the scattered intensity and provides a high signal to noise ratio. This can also be
used for contrast matching, especially for neutron experiments, in order to enhance or
reduce the contribution of a specific component.

X-ray Contrast

In the case of X-rays, the scattering contrast relies on the interaction of the photons,
described as electromagnetic wave, with the electron cloud of the atoms in the material.
As the refractive index is wavelength dependent and therefore varies with the incoming
beam energy, it is highly meaningful to approximate it using atomic scattering factors,
which were first published by Henke et al.[81] The atomic scattering factor fj of an
atom j is given by

fj(λ) = f 0
j + f

′
j(λ) + if ′′j (λ) (2.20)

where i denotes the imaginary number that shows responsible to the wavelength de-
pendent absorption of X-rays by a single atom. If the chemical composition is known,
the complex SLDx can then be calculated by[80,81]

SLDx = re ρe

N

∑
j=1

fj(λ)
Zj

, with re =
e

2

4 π ε0me c
2 (2.21)

= re ρNA

N

∑
j=1

fj(λ)
Mj

, with ρe = ρNA

N

∑
j=1

Zj
Mj

(2.22)
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where re is the classical Thomson electron radius, ρe the electron density, and Zj the
total number of electrons per atom j. As the electron density is often unknown, it can
be approximated by the number of electrons per volume and therefore is computed by
using the material’s mass density ρ, Avogadro’s constant NA, and the molar mass Mj

of each atom j, which results in Equation 2.22. In terms of grazing-incidence X-ray
scattering (GIXS) experiments, the momentum transfer q⃗ = k⃗f− k⃗i is small. Therefore,
the atomic scattering factors can be approximated by f 0

j ≈ Zj and f
′
j ≪ f

0
j . In the

case of a homogeneous medium and far away from absorption edges, the refractive
index in Equation 2.18 becomes then[80]

n = 1 − λ
2

2π re ρe + i λ4 π µ(λ), (2.23)

with the linear absorption coefficient for X-rays µ(λ) that defines the absorption length
Λabs as

µ(λ) = 4π β(λ)
λ

⇒ Λabs =
1
µ =

λ

4 π β(λ) . (2.24)

For hard X-rays, the dispersive and absorbing part of the refractive index are typically
in the order of δ = O(10−6) and β = O(10−7

. . . 10−9). Thus, the scattering contrast
for X-ray experiments relies on electron density fluctuations in a sample. This can
either be related to different materials or to density variations, such as for enrichment
layers of the same material.
It is noteworthy to mention that the above approximations do not hold for the case

of soft X-rays, were the photon energy is in the range of electronic transitions in the
material. In such a case, electrons are excited by the incident X-ray beam and high,
wavelength dependent absorption occurs. This can be used for spectroscopic measure-
ments or to enhance the scattering contrast for a specific compound by setting the
photon energy close to its resonant frequency, which is the basic principle of resonant
X-ray scattering.

Neutron Contrast

In contrast to X-rays, where the photons interact with the atomic shell, the scattering
contrast for neutrons arises from the interaction with the atomic nuclei. Therefore, a
different scattering length density occurs which results in a different scattering contrast.
Nonetheless, in analogy to X-rays, the refractive index can be written in terms of a
dispersive and absorbing part δ and β and results in Equation 2.18 with[82,83]

δ(q⃗, λ) = λ
2

2π N b = O(10−6), (2.25)

β(λ) = λ
4π N αa = O(10−12). (2.26)
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Here, N represents the number density of atoms, while b denotes the bound coherent
scattering length and αa the absorption cross section for neutrons. While the dispersion
of neutrons is comparable to X-rays, the absorption is of several magnitudes lower.
Hence, the absorption of neutrons can often be neglected.[82] In analogy to X-rays,
the product of Nb is called the (coherent) SLDN

[83] and is calculated by the sum of
the coherent scattering length b

coh
j of each atom j per unit volume Vm. Thus, if the

material composition is known, the SLDN can be further expressed in terms of the
material’s mass density ρ and the atomic molar mass Mj

SLDN = N b =
1
Vm

N

∑
j=1

b
coh
j = ρNA

N

∑
j=1

b
coh
j

Mj
. (2.27)

Since the SLDN arises from the interaction with the atomic nuclei, neutron scattering
measurements are highly sensitive to isotopes and allow distinguishing of chemically
very similar materials. This is for example the case for the hydrogen atom H (bcoh

H =

−3.74)[84] and deuterium D (bcoh
D = 6.67),[84] which is especially helpful in polymer

science.[85] Due to the large difference in the resulting SLDN, deuteration of specific
components in a polymer allows an increased contrast of specific groups, as performed
in the first GISANS experiments.[86] In a similar case, so-called contrast matching can
be performed by mixing H2O and D2O (or other deuterated solvents) in specific ratios
in order to adjust the contrast of the surrounding solvent to one part of the polymer in
the solution. Hence, by this procedure, the scattering signal of specific compounds can
be suppressed and a selective measurement is obtained. Note: In contrast to X-rays,
negative values of the SLDN are possible, which represent a phase shift of 180° for
neutrons relative to those that are scattered by nuclei with a positive SLDN.[87]

Scattering Geometry

The scattering vector q⃗ describes the momentum transfer from a sample to the scat-
tered beam and therefore is defined as the difference of the final (k⃗f) and incident (k⃗i)
beam:[31]

q⃗ = k⃗f − k⃗i. (2.28)

A schematic diagram of the scattering geometries, along with the basic definitions of
the angles, is depicted in Figure 2.14. The incident beam with wave vector k⃗i impinges
the sample under the incident angle αi with respect to the sample’s surface. The final
exiting beam is typically denoted as k⃗f . In the case of specular reflection geometry,
such as XRR, the observed scattering occurs only in the xz-scattering plane. As in this
case the exit angle equals the incident angle (αf = αi), only changes in ẑ-direction are
detectable. Since only elastic scattering is considered here, the scattering vector only
describes a change in the direction of the incident beam, while the modulus remains
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Figure 2.14
Scattering geometry and definitions for specular and diffuse scattering with q⃗ = k⃗f − k⃗i.
a) In specular reflection geometry the momentum change is only measured in ẑ-direction
with being the x-component of the momentum unchanged and qy = 0. b) In diffuse
scattering the off-specular reflection is detected where the momentum change in ŷ-direction
under the scattering angle ψ cannot be neglected.

constant. The modulus of the wave vector is given as k = 2π
λ
, with its corresponding

wavelength λ.
In the case of diffuse scattering (Figure 2.14b), the off-specular reflection is recorded,

which contains a momentum transfer in ŷ-direction. Therefore, an additional scattering
angle ψ in the xy-scattering plane is introduced. Furthermore, the final angle deviates
from the incident angle (αf ≠ αi). According to Snell’s law (Equation 2.17), which
applies for X-rays and neutrons in the same way, a transmitted beam k⃗t is observed
under the refracted angle αt. As the dispersion is always positive (δ > 0)[80] and
the absorption for hard X-rays and neutrons is small (β < δ), the refractive index is
typically slightly below but close to unity. Therefore, considering the incident beam
hits the sample at an air interface (nair = 1), total external reflection occurs below
a certain incident angle. The critical incident angle αc, below which total reflection
occurs, is calculated for αt = 0°. In the small angle approximation, Equation 2.17
becomes then

cos(αi) = n cos(αt)
αt=0°
= n (2.29)

αi=αc
⇒ n = cos(αc) ≈ 1 − α

2
c

2 (2.30)

⇒ αc =
√

2 − 2n =
√

2δ = λ
√

R(SLD)
π (2.31)

for both, X-rays and neutrons. However, Equation 2.31 is only valid for negligible
absorption (β ≪ δ).
The critical angle is of particular interest for small angle scattering experiments

performed in grazing-incidence geometry, such as GISAXS. The Fresnel transmission
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Figure 2.15
Fresnel reflection (RF) and transmission (TF) function for an exemplary Si sample with
δ = 7.56 × 10−6 and varying absorption β. a) Total reflection occurs for incident angles
αi < αc with a fast decay for αi > αc. b) Fresnel transmission shows an intensity maximum
at the critical angle. Interference of the reflected and transmitted wave results in a four times
enhanced intensity. Increased absorption (β > 0) yields in both cases a damped intensity.

and reflection coefficients for the z-component of the incident and transmitted beam
are given as[80]

r =
ki − kt
ki + kt

t =
2ki

ki + kt
, (2.32)

with ki = k sin(αi) and kt = k
√
n2 − cos2(αi). The corresponding intensities RF = ∣r∣2

and TF = ∣t∣2 close to the critical angle αc are depicted for different absorption co-
efficients β in Figure 2.15. The reflected intensity shows a constant total reflection
for αi < αc with a fast decay for αi > αc and a damping of the signal for increasing
absorption (β > 0). In contrast, the transmitted intensity shows an intensity max-
imum at the critical angle. At this point, the reflected and transmitted beam run
together in phase for a short distance along the surface and constructively interfere,
leading to an amplitude enhancement of the transmitted beam by the factor of two.[80]

While the energy conservation still holds, the interference yields a four times enhanced
transmission function TF. Increased absorption (β > 0) again damps the transmission
significantly.
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2.5.2 Grazing-Incidence Small-Angle Scattering (GISAS)

According to Figure 2.14b, the scattering vector q⃗ = k⃗f − k⃗i is in general given by[88]

q⃗ =
⎛
⎜⎜
⎝

qx
qy
qz

⎞
⎟⎟
⎠
=

2π
λ

⎛
⎜⎜
⎝

cos(αf) cos(ψf) − cos(αi) cos(ψi)
cos(αf) sin(ψf) − cos(αi) sin(ψi)

sin(αf) + sin(αi)

⎞
⎟⎟
⎠

(2.33)

ψi=0°
⇒ =

2π
λ

⎛
⎜⎜
⎝

cos(αf) cos(ψf) − cos(αi)
cos(αf) sin(ψf)

sin(αf) + sin(αi)

⎞
⎟⎟
⎠
, (2.34)

in dependence on the incident angle αi, the exit angles αf in the xz-plane and ψf = ψ

in the xy-plane, respectively. The incident angle in the xy-plane is typically ψi = 0,
which simplifies the scattering vector to Equation 2.34. Furthermore, in the present
thesis, only elastic scattering is considered. Thus, the modulus of the incident and
final wave vector is not altered (ki = kf) and the photon energy is conserved.
In the present thesis, small angle scattering experiments are performed in grazing-

incidence geometry. By choosing incident angles of αi < 1°, a large area of the inves-
tigated sample is illuminated which allows probing of a large film volume. Grazing-
incidence experiments are especially suitable for probing of thin films, as the pene-
tration depth can be adjusted and the sample signal compared to the substrate is
enhanced.[83] However, in grazing-incidence geometry, the representation of the inci-
dent and exiting beam as plane wave is not valid anymore. Due to the small incident
angle, additional reflection and/or refraction events may occur at the sample and
substrate interface. Therefore, the Born approximation is extended with first-order
corrections that account for these additional events. In the framework of the so-called
distorted-wave Born approximation (DWBA),[89–91] the incoming wave at a scattering
object is approximated as a combination of the direct and reflected waves, whereas the
outgoing wave is a combination of the directly scattered or scattered and subsequently
reflected waves, or both. A simplified graphical representation of the DWBA is de-
picted in Figure 2.16. In the last years, several software projects have been developed
in order to simulate diffuse scattering patterns of such grazing-incidence experiments
in the framework of the DWBA.[88,92–94] Though, such simulations are rather costly re-
garding computational power. Therefore, in the present thesis, further simplifications
and approximations are applied to analyze obtained GISAS scattering patterns.
The Fresnel transmissivity TF = ∣t∣2 reveals an intensity maximum close to the

critical angle of the corresponding material, as shown in Figure 2.15b. The strongly
enhanced diffuse scattering in this case was first observed by Yoneda in 1963 and was
further referred to as Yoneda peak.[95] As the Yoneda peak depends on the critical
angle of the material, it is considered as material sensitive. Whether the Yoneda peaks
of several materials are distinguishable depends on the difference of their critical an-
gles and thus on the scattering contrast (Equation 2.19). In order to extract lateral
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Figure 2.16
Schematic representation of the different combinations of scattering and reflection that are
considered in the DWBA. a) Directly scattered beam; b) scattered and reflected beam;
c) reflected and scattered beam; d) reflected-scattered-reflected beam. Additionally, the
DWBA accounts for refraction and multiple reflection/scattering events, which are omitted
here for the sake of clarity but typically are accounted for in simulation software.

structure information from the scattering pattern, it is sufficient to analyze so-called
horizontal line cuts along the Yoneda peak position of the desired material. Thereby,
the analysis is performed for a fixed qz-value, where only lateral correlations in the
film are considered. A further simplification can be obtained via the effective interface
approximation (EIA)[96,97] where the height-height correlation function of the sample
is described by one effective interface. Those simplifications speed up data model-
ing significantly and allow a quantitative analysis. The differential cross section of a
scatterer on a sample is then given by[88,97]

dσ
dΩ =

Aπ
2

λ4 ∣∆n∣2 ∣ti∣2 ∣tf∣2
P (q⃗), (2.35)

with the illuminated area A, the scattering contrast ∣∆n∣2, the Fresnel amplitude
transmission coefficients of the incident and exiting beams ti,f and the scattering factor
P (q⃗). As mentioned in Subsection 2.5.1, the contrast difference of the investigated
material towards its surrounding is of high importance in order to achieve structure
information from the sample. The incident angle αi and therefore the illuminated area
A is typically fixed during a measurement. Furthermore, for horizontal line cuts the
final angle αf is kept constant. Together, this results in fixed transmission coefficients
ti,f . Consequently, the scattering intensity only scales with the scattering factor P (q⃗).
Since in the small angle regime structures with length scales starting with a few

nm in size are probed, the atomic form factor contributes little to the scattering. In
contrast, a form factor F (q⃗) of mesoscopic objects with approximately homogeneous
refractive index is assumed, that is calculated according to Equation 2.18. Considering
the object’s form factor and the corresponding structure factor S(q⃗) that takes coherent
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interaction of scattered waves from identical, geometrical ordered objects into account,
the overall scattering factor P (q⃗) is calculated by[97–99]

P (q⃗)∝ N ∣F (q⃗)∣2
S(q⃗) (2.36)

In this case, a homogeneous distribution of monodisperse scattering objects with num-
ber density N is assumed. However, the object size typically varies around a mean
value and further approximations have to be taken into account. This is typically
achieved via the local monodisperse approximation (LMA) or decoupling approxima-
tion (DA).[100]

In order to extract lateral structure information contained in horizontal line cuts
obtained from GISAS scattering patterns, a model with differently sized geometrical
objects is assumed that coexist under different length scales in the sample. Thus,
the model describes in first approximation hierarchical structures in the investigated
films. A more detailed explanation of the applied model is given in the PhD theses of
Dr. Christoph J. Schaffer[54] and Dr. Johannes Schlipf,[101] respectively. Within this
model, the full scattering function P (q⃗) is represented by an incoherent superposition
of j scattering factors in the framework of the LMA. Contributions from different types
of scatterers can then be treated as independently and the total scattering factor is
calculated by the summation of each component type

P (q⃗)∝∑
j

Nj ⟨∣Fj(q⃗)∣
2⟩Sj(q⃗). (2.37)

In the present thesis, cylindrical or spherical form factors F (q⃗)[88,100] are used in the
frame of the EIA,[102] which correlates to the object size of the scatterer. Furthermore,
the scattering objects are assumed to be arranged in a 1D paracrystal lattice after
Hosemann et al.[103] with a (Gaussian) distribution and a mean inter domain distance,
which defines the structure factor S(q⃗). This model provides a good approximation
with low computational effort for determining the lateral object size, distance and
order of a particular structure inside a sample.[104] It is noteworthy to mention that the
above discussed model is valid for GISAS experiments with both, X-rays (GISAXS) or
neutrons (GISANS). In the present thesis, a Python v2.7 based software, developed
by Dr. Christoph J. Schaffer and David Magerl is employed to quantify structural
differences in ZnO scattering layers in Chapter 5.

2.5.3 Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)

Since scattering techniques rely on the momentum change of a wave vector in recip-
rocal space, the detection of the wide angle scattering range give access to very small
length scales in the sub-nm regime that translates to lattice spacing of crystallites.
In this case, single atoms serve as scattering centers and the signal is generated by
the (periodic) structure of these scatterers. Thus, for X-rays, the scattering is related
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to the periodic electron density cloud expanded by a lattice of single atoms, which
can be approximated again by the atomic scattering factor shown in Equation 2.20.[81]

Therefore, wide angle scattering experiments are used to investigate the crystalline
structure of samples.
X-rays impinging on a crystalline regime in a sample are reflected on its periodic

net layers {hkl}. Depending on the orientation of these net layers with respect to the
incident beam, defining the scattering angle θ, constructive or destructive interference
occurs. According to Bragg’s law, intensity maxima are recorded for a path difference
of the incident and outgoing beam by nλ. Thus, the obtained diffraction pattern allows
determination of the net layer distance of the {hkl} family by

nλ = 2 dhkl sin(θ), with n ∈ N (2.38)

⇒ dhkl =
nλ

2 sin(θ) = n
2π
q . (2.39)

However, Equation 2.39 only holds for specular conditions, where the scattering vector
q⃗ (Equation 2.34) only depends on the z-component. More generally, considering Huy-
gens’ principle, each scatterer is the origin of an elementary wave. Thus, constructive
interference only occurs if the momentum transfer matches a reciprocal lattice vector
G⃗hkl and fulfills the Laue condition

q⃗ ≡ G⃗hkl = ha
∗
+ kb

∗
+ lc

∗
, (2.40)

with a
∗, b∗ and c

∗ being the reciprocal lattice vectors of the unit cell. Considering
energy conservation (∣k⃗i∣ = ∣k⃗f∣), the Laue condition can be expressed by the Ewald
sphere, depicted in Figure 2.17a. Hereby, the modulus of the (exiting) wave vector
defines the radius of a sphere in reciprocal space. Therein, the scatterer are represented
by reciprocal lattice points. Each intersection of the sphere’s surface with a lattice point
represents the fulfilled Laue condition and depicts a possible momentum transfer that
leads to constructive interference and an intensity maximum in the diffraction pattern.

In GIWAXS experiments, the incident angle is typically fixed and the diffuse scat-
tering is recorded by a 2D detector in close vicinity to the sample. The scattering
pattern yields then information about the scattering angle αf and ψ with respect to
the incident beam. As those scattering angles are in the range of several tens of de-
grees, the small angle approximation applied for GISAS experiments does not hold
anymore. Therefore, the contribution of the qx-component cannot be neglected. As
the recorded 2D scattering pattern represents a projection of the allowed Bragg reflexes
of the 3D Ewald sphere, both, the qz- and the qy-component cannot be decoupled from
qx. Figure 2.17b provides a graphical representation of this projection. This leads to
the typical representation of reshaped GIWAXS data in Figure 7.8 and 7.9, revealing
a so-called missing wedge for the non-accessible q-values. Consequently, the pure qz
(qxy = 0) or qy (qxz = 0) contributions are not accessible by GIWAXS measurements
and can be obtained by complementary XRD experiments.
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Figure 2.17
Graphical representation of Ewald sphere and GIWAXS pattern. a) Ewald sphere (blue) in
reciprocal space, depicted in 2D for sake of clarity. If the Laue condition is fulfilled G⃗hkl ≡ q⃗
(marked with orange dots), constructive interference occurs and the final X-ray beam k⃗f is
reflected at net layers under the angle 2θ with respect to the incoming beam k⃗i, resulting
in the scattering vector q⃗ = k⃗f − k⃗i. The intersections of the Ewald sphere surface with
the reciprocal lattice points that fulfill the Laue condition are highlighted in orange. b) The
Bragg reflexes become visible in a scattering pattern as a projection of the 3D Ewald sphere
on the 2D detector. The intersection of the incident beam with the 2D detector yields the
origin Oq (green) of the projected qxy, qxz coordinate system. The scattering angle 2θ is
translated to the scattering angles αf and ψ.

Additionally to the required reshaping of the obtained scattering images, several
corrections have to be applied beforehand to consider the measurement geometry.
Therefore, for data corrections and reduction, the Matlab® based software GIXSGUI
v1.7.1 is used. In the following a short overview of the most important corrections is
given. However, a detailed discussion about the applied corrections can be found in
the publication of Jiang.[105]

First of all, a flat field and dark field correction have to be applied on the
measured data. The first one accounts for a different pixel sensitivity and is typically
applied directly on the measurement server of the detector. This depends on the
quality of the calibration files, measured beforehand with a homogeneous scatterer or
provided by the manufacturer. The second one is accounted for by masking so-called
dead or hot pixels and exclude them from data evaluation.
In wide angle scattering geometry, photons that are scattered under different angles

have to travel different path lengths between the scattering center and the detector
pixel. As a consequence, the scattered beam intensity is differently attenuated, e.g.,
by air, which can be reduced by measuring in vacuum. More important, the scattered
photons hit the detector pixels under different angles, that result in different detection
probability. Both effects are accounted for with the efficiency correction.
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Typical lab sources provide unpolarized X-rays. However, synchrotron sources pro-
vide, due to the differently generated radiation, horizontally (linear) polarized radiation
(∼98 %). Dipole oscillations of the electrons in the probed material in the direction
of polarization reduces the scattered intensity for small angles between the plane of
polarization and the scattered beam k⃗f . Thus, the scattering intensity for small angles
is underestimated and has to be corrected by the polarization correction.
Since typically all pixels of a detector are of the same size and the SDD for GIWAXS

experiments is small, every pixel covers a different amount of solid angles. The solid
angle correction is applied in order to account for this purely geometrical effect.
After all corrections are applied, the scattering data can be processed and numerous

information such as net layer distances, crystallite orientations and apparent crystallite
size can be extracted. Furthermore, the general degree of crystallinity of a sample can
be estimated. While the lattice spacing is obtained via Equation 2.39, the correspond-
ing peak shape contains further information on the structure. Scherrer connected in
1918 the crystallite size D to the peak’s full width at half maximum (FWHM) via[106]

D =
Kλ

FWHM cos(θ) , (2.41)

where θ is the scattering angle, λ the X-ray’s wavelength and K the shape factor of the
crystallite. The last one is often approximated by K = 0.9 which relates to an average
spherical crystallite shape. Equation 2.41 is typically denoted as Scherrer equation.
An infinite large crystal would therefore result in a delta function like scattering peak,
while small crystallites reveal a strong peak broadening. It is noteworthy to mention
that the instrument further contributes to the peak broadening. Additionally, large
sample dimensions and consequently a large X-ray footprint in comparison to the SDD
results in further peak broadening, caused by the different distance of the scatterers to
the detector. Therefore, the crystallite size obtained by Scherrer’s equation is typically
referred as apparent crystallite size. However, as for polymers the crystallite size is
in the range of several nm it typically dominates the peak broadening. In any case,
Scherrer’s equation allows determining a lower limit of the crystallite size and provide a
good qualitative comparison within a sample series measured under similar conditions.

2.5.4 Time of Flight Mode of Neutron Experiments

According to Bragg’s law (Equation 2.39), there are two possibilities to obtain a scat-
tering pattern. Either monochromatic light is used and the incident angle (and conse-
quently the scattering angle) is changed, or the incident angle is fixed and the energy
of the incident beam is varied. For X-ray experiments typically the first case is used,
as lab and synchrotron sources provide high flux, brilliance and low energy divergence.
However, in the case of neutrons it is different. Typical sources provide continuously
neutrons with a broad energy distribution. Consequently, narrowing the energy of the
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Figure 2.18
Graphical representation of gravitational effect on neutrons during measurements. The
definitions of the angles in xz-plane without (a) and with the influence of gravity (b) in
−z-direction. The deviation of the neutron beam results in a larger incident angle α′i =
αi + β, as indicated by the blue parabola. The real incident angle for a given neutron
energy is calculated from the pixel positions of the specular and direct beam (adapted from
Rawolle[40]).

neutrons down to a small, monochromatic-like distribution would sacrifice most of the
neutron flux. Therefore, the so-called time of flight (ToF) mode is typically used. First
developed for NR,[107–109] it is also suitable for GISANS measurements.[110,111] However,
in the present thesis only ToF-NR measurements are employed. Nevertheless, the basic
principle discussed in the following holds as well for GISANS experiments.
By running the instrument in ToF mode, the neutron beam is cropped via several

sets of choppers to a pulsed neutron bunch with a defined starting time and velocities,
that translates to different wavelengths. After passing the sample, each single neutron
is recorded on a 2D detector with its corresponding time of flight. From this, its
velocity vn and its corresponding de Broglie wavelength λ is calculated via

λ =
h

p(vn)
(2.42)

with Planck’s constant h and the neutron’s momentum p(vn). In contrast to X-rays,
neutrons possess a mass and therefore are exposed to gravity. Its influence is strongest
for the slowest neutrons with the lowest energy. Consequently, the real incident angle
α
′
i differs for each neutron energy from the horizontal angle αi by α

′
i = αi + β, as

indicated in Figure 2.18. Therefore, a correction of the neutron deviation is required.
As the gravitational effect on the neutrons is the same for the direct transmitted and
the specular reflected beam, the real incident angle α′i can be calculated by

tan(α′i + αf)
α
′
i=αf
= tan(2α′i) =

∆z
SDD (2.43)

⇒ α
′
i =

1
2 arctan ( ∆z

SDD) . (2.44)
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The recorded single neutrons of all bunches are then binned according to their wave-
length and the scattering vector q⃗ can be calculated according to Equation 2.34. The
energy resolution only depends on the binning size and can be adjusted as desired as
the measurement is performed in single neutron detection mode. In ToF-NR geome-
try, as used in the present thesis, only the specular reflection is considered (α′i = αf).
Together with the corrected incident angle and the corresponding wavelength of each
neutron, the scattering vector simplifies then to

q⃗ = qz =
4π
λ

sin(α′i) (2.45)

and a reflection pattern similar to XRR is obtained, but enables a different sensitivity
based on the different scattering contrast (see Subsection 2.5.1). Further information
about the measurement technique and data analysis is provided by Cubitt et al.[112]
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3CHAPTER3
Sample Preparation

The present chapter provides a detailed explanation about the various preparation
steps for the samples investigated in the frame of this thesis. In Section 3.1, the
material characteristics and the supplier information of the investigated functional
materials and substrates are listed. Additionally, the cleaning and pattering procedure
which were applied to the different substrates before deposition is given. The basic
principles and standard parameters of the applied thin film deposition techniques and
required finalizing steps, such as thermal annealing, is explained in Section 3.2. The
general fabrication procedure of ZnO scattering layers, including the preparation steps
of the sol-gel solution, is given in Section 3.3. The preparation steps required for
fabrication of PEDOT:PSS polymeric electrodes, which are examined in Chapter 6 and
Chapter 7, are covered in Section 3.4. Finally, Section 3.5 deals with the (ITO-free)
OLED assembly itself in order to test the performance of the investigated polymeric
electrodes in a working device.

3.1 Materials

In the following the materials used in the present thesis are introduced and the basic
sample preparation steps including the applied deposition techniques are explained.
The section is split into three parts, beginning with the used substrate materials in-
cluding their preparation and cleaning procedure, followed by the functional materials,
which behavior is actually investigated in the present thesis, and the used solvents that
have different influence on the functional materials.
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3.1.1 Substrate Types and Preparation

In this work a variety of different substrate materials are used depending on the de-
sired purpose and measurement technique. Typically glass substrates are employed for
experiments. However, some measurement setups require special substrate properties,
e.g., high conductivity, high crystallinity, or low surface roughness with well defined
edges. Therefore, silicon substrates are used especially for neutron reflectometry (NR)
measurements. Further, two kinds of transparent conductive oxides (TCOs) are em-
ployed for XPS measurements and device fabrication, namely flurine-doped tin oxide
(FTO) and indium-doped tin oxide (ITO), respectively. A short description of the em-
ployed substrate materials is listed in the following. In addition, the required electrode
patterning and cleaning procedures prior to film deposition are introduced.

Glass Substrates
For most of the investigated thin films, glass substrates provide all necessary require-
ments. Due to their optical transparency in the visible range of light and their electrical
insulating properties, glass is well suited for the purpose of electrical and optical char-
acterization of thin films. In addition, it is used for X-ray scattering experiments. For
this purpose, standard microscope glass slides made of soda-lime glass with dimensions
of 76 × 26 mm2 and 1 mm thickness, provided by Carl Roth GmbH + Co. KG, are
used. The glass slides are cut with the aid of a diamond cutter to the desired substrate
size of typically ∼25 × 26 mm2. In order to clean the substrate surface before thin film
deposition, glass substrates are subjected to a hot acid bath as described on page 48.

Silicon Substrates
Silicon substrates are used in the present thesis for NR, GIXS and cross section SEM
measurements. The p-doped silicon wafers with a resistivity of 10 Ω cm – 20 Ω cm were
provided by Silicon Materials (Kaufering, Germany). The round shaped
wafers have a size of 100 mm in diameter with a polished side, which coincides with the
⟨100⟩ crystal direction. Thus, a surface roughness of the polished side of Rq < 0.5 nm
is achieved for the 0.5 mm thick wafers. The wafers are cut along a crystal direction
with a diamond cutter to the desired substrate size of typically 2 × 2 cm2 for X-ray
experiments and SEM measurements or to 7 × 7 cm2 for neutron experiments. Hereby,
the marking of the wafers is performed on the backside and cut over a sharp edge,
e.g., an aluminum plate. In order to avoid unwanted scattering effects, attention has
to be paid for well defined and sharp substrate edges. Prior to thin film deposition,
the silicon substrates are subjected to the same cleaning procedure in a hot acid bath
as the used glass substrates and as explained on page 48.

Fluorine-doped Tin Oxide (FTO) Substrates
Standard soda-lime glass covered with flurine-doped tin oxide (FTO) is used as conduc-
tive substrate for XPS measurements in order to prevent charge depletion during exam-
ination. Pre-cut FTO substrates (TEC7) are purchased from Solems (Palaiseau,
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France) with dimensions of 22 × 22 mm2 and 2.2 mm thickness. The 600 nm conduc-
tive FTO coating has been deposited by chemical vapor deposition and shows a sheet
resistance of 7 Ω□−1 – 10 Ω□−1. Because the sensitive coating could not resist such
an aggressive cleaning step as applied for glass and silicon substrates, FTO substrate
cleaning is performed on the basis of organic solvents (see page 49).

Indium-doped Tin Oxide (ITO) Substrates
Indium-doped tin oxide (ITO) covered substrates (ITOSOL30) are purchased from
Solems (Palaiseau, France). ITO substrates are used in the present work for
fabrication of standard OLED devices in Chapter 7, which serves as reference for
ITO-free OLEDs on the basis of PEDOT:PSS electrodes. The pre-cut substrates
with dimensions of 25 × 25 mm2 and thickness of 1.1 mm are covered with a 100 nm
ITO layer, deposited by physical vapor deposition, and obtaining a sheet resistance of
25 Ω□−1 – 35 Ω□−1. In order to fabricate OLED devices, the ITO substrates are pat-
terned and subsequently cleaned prior to thin film deposition according to an organic
cleaning procedure described on page 49.

Electrode Patterning
Devices fabricated in the present thesis are typically contacted by applying spring
contacts on the evaporated metal electrodes. Such pin contacts may penetrate the dif-
ferent functional layers of a device and may connect the top and the bottom electrode.
In order to prevent such short circuits, the back electrode underneath the contact area
has to be removed prior to film deposition. Hence, ITO or FTO coated substrates des-
ignated for device fabrication are subjected to a patterning process, which is depicted
in Figure 3.1. Therefore, the TCO region of the desired bottom electrode is covered
with sticky tape (Tesafilm®, 12 mm width) to protect it from the reactive etching
solution (Figure 3.1b). The unprotected area is then partly covered with Zn powder
by using a custom-made snap cap vial with a perforated lid. Note that Zn powder
serves as catalyst in the following etching process. Thus, already small amounts of Zn
are sufficient and the TCO does not need to be completely covered with zinc powder.
HCl (37 %) is diluted with H2O at 1:1 volume ratio and dropped via a glass pipette
on top of the zinc powder covered TCO (Figure 3.1c), followed by mechanically wip-
ing with a cotton bud. Afterwards, the substrates are excessively rinsed under tap
water to remove the reagents before the sticky tape is detached. In the following, the
substrates are scrubbed with a toothbrush dipped in Alconox® detergent solution
(16 g L−1) and subsequently rinsed with water in order to remove adhesive residuals on
the substrate surface (Figure 3.1d). The so patterned bottom electrode is now suitable
for the used eight-pixel device layout depicted in Figure 3.1e. Prior to film deposition
the patterned substrates are subjected to an organic cleaning procedure explained on
page 49.
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glass

ITO/FTO

sticky tape

Zn covered area
Al/Au contacts

a) b) c) d) e)

Figure 3.1
Electrode patterning procedure for ITO and FTO substrates intended for OLED fabrication.
a) Initial ITO or FTO coated substrates. b) The center of the substrate is covered with
sticky tape in order to protect the intended electrode region from etching. c) Zinc powder
is peppered onto the uncovered region in order to serve as catalyst for the subsequent
etching process with diluted HCl. d) After removing the sticky tape, the desired electrode
pattern is revealed and the substrate is ready for further cleaning and deposition steps.
e) Desired electrode layout for finished OLED devices. Functional layers are supposed to be
sandwiched between the TCO electrode and the Al/Au contacts. The active area is defined
as the overlap region of both electrodes.

Acid Cleaning
After cutting the glass and silicon substrates to the desired size and prior to thin
film deposition, any impurities or organic traces on the substrate surface need to
be removed. Thus, the substrates are subjected to a cleaning procedure based on a
modified piranha bath.[113] The hot acid bath is prepared as following: Two nested
beakers are placed on a combined magnetic stirrer/heater plate, while the outer one
holds a water bath for safely heating of the inner one. The inner beaker is filled
subsequently with 54 mL deionized water (H2O), 84 mL hydrogen peroxide (H2O2,
30 %), and 198 mL concentrated sulfuric acid (H2SO4, 95 % – 98 %). The acid bath
is heated up to 80 ◦C and is covered with a watch glass to avoid evaporation. Note
that the mixing sequence must not be changed to avoid deflagration of the exothermic
reaction. The substrates are placed upright in a special designed holder consisting
of acid-resistant polytetrafluoroethylene (PTFE), colloquial known as Teflontm, and
rinsed with water to wash away dust and glass or silicon splinters. Then, the holder,
including the substrates, is placed for 15 min in the hot acid bath. Afterwards, the
sample holder is immediately transferred and subsequently washed in three beakers,
filled with 500 mL H2O each. In order to fully dilute and remove any acid residuals,
each individual substrate is finally taken and subsequently rinsed with water, followed
by drying under a continuous nitrogen flow. The duration of the acid bath has a strong
influence on the formation of SiOx surface layers on the substrate, which is especially
important for silicon substrates. Note that the highly reactive and oxidizing cleaning
procedure results in a hydrophobic surface activation of the substrate. In order to
obtain a hydrophilic surface, an oxygen plasma can be applied prior to film deposition,
as explained on page 49.
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Organic Cleaning
For (patterned) ITO and FTO substrates a different cleaning procedure is required to
preserve the conductive coating. Thus, the substrates are placed upright into a PTFE
substrate holder and rinsed with water to get rid of dust particles. Then, a step-by-step
cleaning protocol is applied based on a 10 min ultrasonic bath in Alconox® detergent
(16 g L−1), ethanol, acetone and isopropyl alcohol (IPA). After each step, the substrates
together with the sample holder are rinsed with the solvent of the subsequent step. In
addition, after the Alconox® bath, the substrates are rinsed with water to flush any
traces of the detergent before they are cleaned in ethanol. In the end, the substrates
are removed one by one from the IPA solvent and are dried under a continuous nitrogen
flow. Note due to time constraints it may be necessary to store the substrates in the
IPA solvent until shortly before deposition of the thin films. In order to functionalize
the substrate’s surface an oxygen plasma is performed directly before deposition.

Oxygen Plasma
If necessary, the substrates are subjected to an oxygen plasma treatment after the
chemical cleaning procedure. Plasma cleaning is performed with a Nano Plasma
Cleaner by Diener Electronic. The substrates are placed in the vacuum cham-
ber which is flooded with oxygen at a pressure of 0.4 mbar. By applying a frequency
of 40 kHz for 10 min at a power of ∼250 W, any organic compounds at the surface
are decomposed by the produced oxygen radicals and the ultraviolet radiation from
relaxing O2/O3 molecules. The combustion of the organic residuals creates mostly
CO2, which is – together with the excess O2/O3 – eventually extracted by the vac-
uum pump. Furthermore, the surface becomes more hydrophilic by activating polar
chemical bonds, which improves the wettability of polar solvents such as PEDOT:PSS
solution. It is noteworthy to mention that the adjuvant effect of the performed oxygen
plasma treatment lasts only for several minutes. Therefore, thin films are deposited
immediately after the oxygen plasma is carried out.

3.1.2 Functional Materials

In the following, the functional materials that are used in the present thesis are listed.
In Chapter 5 scattering layers based on ZnO are investigated. In the fabrication
process of such thin films, the inorganic precursor ZAD is used. The polymer template
PS-b-PEO becomes important when the ZnO layers have to be structured, e.g., in order
to form porous metal oxide layers. PS microspheres find application in the hierarchical
structuring of the above mentioned ZnO layers, in order to obtain additional scattering
centers in the wavelength region of the visible light. In Chapter 6 and Chapter 7 the
polymer mixture PEDOT:PSS is investigated regarding its performance and durability
in use as polymeric electrodes. Super Yellow® is used as emitter material for OLED
devices in order to test the performance of PEDOT:PSS electrodes in Chapter 7.
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Figure 3.2
Materials used for diblock copolymer assisted sol-gel synthesis of ZnO scattering layers.

ZAD
Zinc acetate dihydrate, abbreviated as ZAD, is used as inorganic precursor material
for zinc oxide (ZnO) thin film fabrication. The precursor is purchased from Sigma-
Aldrich with a purity of 99.999 % (trace metals basis). It has the appearance of
a white powder and a density of 1.74 g cm−3 (219.51 g mol−1). Its chemical structure
is depicted in Figure 3.2a with its formula quoted as Zn(CH3COO)2 ⋅ 2 H2O (CAS:
5970-45-6). The dihydrate crystallizes in a monoclinic unit cell with dimensions
a = 14.50Å, b = 5.32Å, c = 11.02Å, and β = 100°.[114] The chemical structure of ZAD
indicates that the coordination geometry around the Zn atom is octahedral as Zn is
bound to the oxygen atoms of the two hydration water molecules and four oxygen
atoms of the acetate ligands. Forming ZnO from the ZAD precursor requires a high
temperature treatment of above 300 ◦C which leads typically to a crystallization as
wurtzite polymorph. Zinc oxide itself has a melting point of Tm = 1974 ◦C and can be
considered as chemically very stable. It shows a direct optical band gap of 3.3 eV with
a refractive index of n ≈ 2, which allows the fabrication of transparent layers.[115,116]

Hence, an application in OLED or OPV devices is possible. In addition, its abundance
and non-toxic behavior makes ZnO to a promising material towards environmentally
friendly device fabrication.

PS-b-PEO
The amphiphilic diblock copolymer polystyrene-block-poly(ethylene oxide), or short
PS-b-PEO (Figure 3.2b), is used in the present study for structuring ZnO scattering
layers in Chapter 5. Such a diblock copolymer acts as structure directing template in
the sol-gel synthesis route and allows tailoring of the resulting nanostructures in the
final thin film. In the case of PS-b-PEO the PS block acts as hydrophobic block, while
the PEO block serves as hydrophilic block where the polar ZAD molecules are able to
attach during synthesis. The present diblock copolymer is obtained from Polymer
Source, Inc., Canada and is used as received. The total number average molecular
mass is given as Mn = 28.5 kg mol−1, split up into 20.5 kg mol−1 and 8.0 kg mol−1 for
the PS block and the PEO block respectively. Hence, the fraction of PS is calculated
according to Equation 2.2 as fPS = 0.52. The polydispersity index (PDI) is charac-
terized as 1.02. PDI and the molecular weight is determined by the supplier with size
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exclusion chromatography, while the composition of the blocks is calculated from 1H-
NMR. The glass transition temperature of PS is given as Tg = 107 ◦C. Furthermore,
the glass transition (Tg), melting (Tm) and crystallization (Tc) temperature of PEO is
characterized as −65 ◦C, 63 ◦C and 43 ◦C, respectively.

PS Microspheres
Microspheres consisting of polystyrene (PS) are employed as additional structure giv-
ing templating material for ZnO thin film fabrication. The chemical structure of PS
with its formula (C8H8)n is given in Figure 3.2c. As one block of the used polymer
template PS-b-PEO consists of the same material, a good compatibility is expected.
A large bunch of different sized microspheres are available, which allows adjusting the
desired pore size of the achievable hierarchically structured ZnO films. Polybead®

PS microspheres with a mean diameter of 500 nm are purchased from Polysciences,
Inc. The microspheres are provided in a 2.6 % solids (w/v) aqueous suspension with
a concentration of ∼26 mg mL−1 and are used without further purification.

PEDOT:PSS
The polymer mixture poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate), ab-
breviated as PEDOT:PSS, consists of two ionomers, namely the hydrophobic conduct-
ing PEDOT and the hydrophilic electrically insulating PSS. Their chemical structure
is expressed with the formulas (C6H4O2S)n and (C8H7O3S)m, which are depicted in
Figure 3.3. PEDOT:PSS is commonly used in organic electronics for its advanta-
geous properties like high conductivity, transparency and ease of processibility. Its
conducting behavior is based on the conjugated backbone created by the alternating
polythiophene rings of the PEDOT component. This enables high electrical conduc-
tivity of positively charged polarons along the PEDOT backbone that are introduced
by the presence of the deprotonated sulfonic-groups of the PSS component. Therefore,
due to the hydrophobic behavior of PEDOT, the hydrophilic PSS component serve
a purpose of charge stabilization and providing solubility in water to the blend. The
PEDOT:PSS polyelectrolyte tends to form a scrambled egg like structure in water,[117]

which gives a tendency towards the formation of agglomerates.
In the present thesis, Heraeus Cleviostm PEDOT:PSS is used in two different

mixtures listed in Table 3.1, both provided by Ossila Ltd, Sheffield UK in aqueous
solution (CAS: 155090-83-8) and are stored at 4 ◦C in light absorbing bottles. Al
4083 (order code M121) with a mixing ratio of 1:6 is used as electron blocking layer
in the device fabrication of Chapter 7. However, the main subject of investigation
in this study is PEDOT:PSS PH 1000 (order code M122) with a mixing ratio of
1:2.5. Depending on the treatment, this material provides very high conductivities
and therefore is investigated in the present study regarding its suitability as polymeric
electrode. Note, while the viscosity of the stock solution is eligible for spin coating,
for spray deposition the solution needs to be diluted with water in order to prevent
plugging of the spray gun.
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Table 3.1
Mixing ratios and physical properties of the used PEDOT:PSS solutions of Al 4083 and PH
1000 type, according to the supplier. In the present study, PH 1000 is mainly used in order
to investigate its performance as polymeric electrode. Al 4083 has been applied as EBL in
the fabrication of OLED devices.

PEDOT:PSS ratio solid content work function viscosity

[wt.% (in H2O)] [eV] [mPa s]

Al 4083 1:6 1.3 – 1.7 5.0 – 5.2 5 – 12

PH 1000 1:2.5 1.0 – 1.3 4.8 – 5.0 <50
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Figure 3.3 Chemical structures of a) PEDOT, b) PSS and c) the polymer mixture of both.
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Figure 3.4 Chemical structure of the light emitting polymer Super Yellow®.

Super Yellow
Super Yellow® (PDY-132, Livilux®) is a PPV-based, light emitting copolymer,
provided by Merck KGaA (CAS: 26009-24-5) and is shipped as clumpy yellow
powder. Its molecular weight is Mw > 1.3 × 106 g mol−1 with a molecular number of
Mn > 4 × 105. Its chemical structure is depicted in Figure 3.4. PDY-132 belongs to
the category of very robust singlet emitter materials, which makes it to an ideal choice
for the fabrication of standard OLED devices in the present thesis. It is easily soluble
in toluene, which is an orthogonal solvent to the water-based PEDOT:PSS that has to
be deposited beforehand. The maximum efficiency of PDY-132 is given by the supplier
with 11 cd A−1 with an external quantum efficiency (EQE) of 5.3 % in a standard device
stack. In this case, the onset voltage is given with 2.2 V, which is slightly below the
nominal electronic band gap between the HOMO (−5.4 eV) and the LUMO (−3.0 eV)
level.[118] The emission maximum is located around 560 nm, which matches well with
the onset voltage, while its absorption maximum is located around 440 nm.[119]

3.1.3 Solvents and Acids

In the following section, the solvents and acids used in the present thesis are listed.
While DMF is used as solvent for the ZnO precursor ZAD, toluene finds its application
as solvent for the light emitting polymer Super Yellow®. Zonyl is used as additive
in PEDOT:PSS thin film preparation. Furthermore, the solvent ethylene glycol and
the acids formic acid, hydrochloric acid, nitric acid, and sulfuric acid are used for post-
treatment of PEDOT:PSS thin films. An overview of the chemical structures of the
used solvents and acids is depicted in Figure 3.5.

Deionized Water (DI-H2O)
If not other stated, a Purelab Chorus 1 by Veolia high-purity water system is
used to produce deionized, cleaned water with a resistivity of >18.2 MΩ cm. Such
purified water is used for all sample preparation steps throughout the whole present
thesis. In order to achieve high contrast in neutron measurements typically heavy
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Figure 3.5 Chemical structures of solvents and acids used in the present thesis.

water instead of H2O is employed. For this purpose, D2O (99.95 %) is purchased from
Deutero GmbH, Kastellaun (CAS: 7789-20-0).

N,N-Dimethylformamid
DMF is used as so-called good solvent in ZnO sol-gel synthesis in Chapter 5. Its chemi-
cal structure with the formula C3H7NO is given in Figure 3.5a. DMF is purchased from
Carl Roth GmbH + Co. KG with a purity of ≥99.8 % and has a molecular weight
of 73.10 g mol−1 (CAS: 68-12-2). The polar solvent with a density of 0.95 g mL−1 is
well miscible with water and has a boiling point of ∼153 ◦C.

Toluene
Toluene is used in the OLED fabrication process of the present thesis as solvent for
the light emitting polymer Super Yellow®. It belongs to the category of non-polar
solvents, which allow the use as orthogonal solvent after the deposition of the water-
based PEDOT:PSS. Toluene is purchased from Carl Roth GmbH + Co. KG with
a purity of ≥99.8 % (CAS: 108-88-3). Its chemical structure with the formula C7H8
is depicted in Figure 3.5b. Toluene’s molar weight is given as 92.14 g mol−1 with a
density of 0.87 g mL−1. Its boiling point is given as 110 ◦C – 111 ◦C.
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Ethylene Glycol
EG is used as secondary dopant for PEDOT:PSS post-treatment. Its chemical struc-
ture with the formula C2H6O2 is depicted in Figure 3.5c. EG is purchased from Sigma-
Aldrich with a purity of 99.8 % (CAS: 107-21-1). Its density is given as 1.113 g mL−1

with a molar weight of 62.07 g mol−1 and a boiling point of 195 ◦C – 198 ◦C.

Zonyl
The fluorosurfactant DuPonttm Zonyl® FS-300 – henceforth referred to as Zonyl
– is a registered trademark of E.I. du Pont de Nemours and Company (CAS:
197664-69-0). Its chemical structure is shown in Figure 3.5d. It is purchased from
Sigma-Aldrich and produced through the company’s subsidiary Fluka® Analyti-
cal. Zonyl is provided as ∼40 % fluorosurfactant in aqueous solution with a density of
(1.10 ± 0.05) g mL−1 at 20 ◦C. Further, it mixes well with water and its boiling point
is ∼80 ◦C.[120] Zonyl is used in the present thesis as additive in the fabrication routine
of PEDOT:PSS thin films.

Formic Acid (≥98 %)
Formic acid (HCOOH) belongs to the organic acids and is used for post-treatment of
PEDOT:PSS thin films in Chapter 7. It is purchased with a purity of ≥98 % from
Carl Roth GmbH + Co. KG (CAS: 64-18-6). The density of HCOOH is given
as 1.22 g mL−1 with a molar weight of 46.02 g mol−1. Its boiling point is 101 ◦C. The
chemical structure with the formula CH2O2 is given in Figure 3.5e. HCOOH is used
without further purification or dilution.

Hydrochloric Acid (37 %)
HCl belongs to the inorganic acids with a strong dissociation behavior and is depicted
in Figure 3.5f. Hydrochloric acid is purchased with a purity of 37 % (extra pure)
from Carl Roth GmbH + Co. KG (CAS: 7647-01-0). Its density is given
as 1.19 g mL−1 with a molar mass of 36.46 g mol−1. HCl is used in the present thesis
without further purification for post-treatment of PEDOT:PSS thin films in Chapter 7.

Nitric Acid (65 %)
HNO3 belongs to the inorganic acids and is shown in Figure 3.5g. It is purchased with
a concentration of 65 % (pure) from Carl Roth GmbH + Co. KG (CAS: 7697-
37-2). The density of HNO3 is given as 1.3 g mL−1 – 1.4 g mL−1 with a molar mass of
63.0 g mol−1. Concentrated HNO3 is used in Chapter 7 without further purification for
post-treatment of PEDOT:PSS thin films. It is noteworthy to mention that nitric acid
shows similar as H2SO4 a strong oxidation behavior.

Sulfuric Acid (95 % – 98 %)
H2SO4, shown in Figure 3.5h, belongs to the inorganic acids with high oxidizing behav-
ior. Sulfuric acid is purchased from Carl Roth GmbH + Co. KG with a concentra-
tion of 95 % – 98 % (CAS: 7664-93-9). Its molar mass is given as 98.08 g mol−1 with
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a density of 1.84 g mL−1. Concentrated sulfuric acid is used without further dilution
or purification in the post-treatment process of PEDOT:PSS thin films in Chapter 7.
Note, the same sulfuric acid is used for the hot acid bath in the substrate cleaning
process on page 48.

3.2 Thin Film Deposition

PEDOT:PSS and all other layers are deposited on solid substrates throughout the
present thesis by two deposition techniques, namely spin coating and spray coating.
While spin coating is an excellent method for lab scaled sample fabrication, spray coat-
ing allows the deposition on larger and complex shaped substrates. In this work, spray
coating is used for deposition of ZnO scattering layers, while spin coating has been
applied for the fabrication of PEDOT:PSS polymeric electrodes and OLED devices.
In order to assure good contacting for the latter, evaporation of metal back electrodes
is performed via physical vapor deposition.

3.2.1 Spin Coating

Spin coating is a commonly used technique for fabrication of thin films with ∼100 nm
thickness from solution with volatile solvents. Its main advantage is the fabrication
of very thin, homogeneous films on a laboratory scale. However, the method is lim-
ited regarding the sample size and shape as well as the amount of samples one can
produce. In the present thesis, a Delta 6 RC TT spin coater by Süss MicroTec
Lithography GmbH is used. The setup consists of a rotating plate with well defined
acceleration and rotation speed. The sample is fixed on the plate either by fitting in a
cavitation or by applying vacuum. After covering the whole substrate surface with the
solution (100 µL – 500 µL, depending on the substrate size), the spin coating process is
started immediately. In order to maintain a reproducible sample environment the lid
of the spin coater is kept closed during the deposition process. Hereby, the rotation
speed, the acceleration time, the rotation time and the samples environment define
the properties of the final thin film. In the end, a homogeneous film is formed,[121,122]

whose thickness d highly depends on the angular velocity ω by d ∝ ω
−1/2 and can be

determined by Schubert’s Equation:[122]

d = C c0 ω
−1/2

M
1/4
w , (3.1)

with C being an experimental parameter that has to be determined for each sample
system, c0 the initial concentration, and Mw the molecular weight of the solute. The
acceleration is typically set to ACL9, which corresponds to an acceleration time of
∼6 s until the final rotation speed is reached and the timer is started. Typical spinning
speeds of 750 rpm – 4000 rpm are used with rotation times of 60 s. Due to the increased
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velocity on the outer parts of the sample, a thickness gradient from the rotation center
to the sample edges cannot be avoided and limits the substrates size. Therefore,
substrates of diameter ∅ ≤ 10 cm are typically used. It is noteworthy to mention that
for neutron measurements whole silicon wafers (∅ 10 cm) are required, which should
not be fixed by applying vacuum to avoid bending of the substrates.

3.2.2 Spray Coating

Spray coating is a widely used technique for solution based large scaled deposition
on (complex) surfaces. The deposition process is commonly distinguished by wet and
dry spray deposition. In the first case, the impinging material still contains a certain
amount of solvent, which provides mobility during film formation. Contrary, in the
second case, the solvent is already evaporated before the dried material hits the sample.
Commonly, a spray is referred to a flow of small droplets coming out of a nozzle. These
droplets are generated by a process called atomization, where a liquid is dispersed into
small droplets by the energy of a compressed carrier gas.[123] The dispersion of the liquid
jet depends on the solutions density, its kinematic viscosity and its surface tension.
Lateral pressure differences lead to an angular and downward velocity of the solution
at the exit point of the nozzle. Thus, the angular velocity drives the droplets apart,
which leads to a widening of the spray, known as spray cone. Hence, the diameter
of the cone enlarges and the density of droplets decreases.[124,125] A larger distance
between the nozzle and the substrate yields a more homogeneous cone with smaller
droplets and a larger coverage of the substrate. The carrier gas pressure, the nozzle
diameter and shape as well as the flow rate of the solution are critical parameters
that need to be adjusted. The optimization of these parameters is of high importance
in order to achieve reproducibility of the fabricated films. Furthermore, the substrate
temperature has a major impact on the sprayed solution and therefore the film creation.
By adjusting the temperature, the evaporation of the residual solvent from the film,
the spreading of the droplets on the surface and chemical reactions that take place
in the sprayed solution and the final deposited material, can be tuned. The different
regimes of the spray process, caused by different substrate temperatures, are described
in more detail by a model by Viguié et al.[126] With increasing substrate temperature
the phase and state of the particles that arrive at the substrate surface changes:

I. At low temperatures the droplets hit the surface in a liquid state and wet the
substrate.

II. By increasing the temperature, the liquid is almost evaporated during the flight
and non-reacted solid material hits the sample (commonly known as airbrush
spray coating).

III. With higher temperatures, a vapor phase is reached, where the contained par-
ticles react or decompose during the flight or on the substrate (chemical vapor
deposition).
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Figure 3.6
Schematic spray setup with substrate 1 and spray cone 2
exiting from the nozzle 3 of the spray gun of type Grafo T3
with the inlet for the spray solution 4 and the carrier gas
5 . By pushing the knob at 6 the gas flow is opened and
the spray process starts. The flow rate can be adjusted by
fine tuning the opening of the nozzle with the control knob
at 7 .
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IV. For even higher temperatures, the solvent is completely evaporated and the par-
ticles have already undergone a chemical reaction before they hit the substrate
surface.

In the present thesis, an automatized spray setup is employed consisting of a rotatable
mounting for a spray gun, a heatable sample stage with adjustable substrate to nozzle
distance and a timer regulated carrier gas control. A schematic sketch of the spray
process is depicted in Figure 3.6. If not other stated, the spray gun model Grafo
T3 (nozzle ∅ 0.4 mm) by Harder & Steenbeck is mounted with a substrate to
nozzle distance of 16 cm and an incident angle of 90° (anti-parallel to surface normal
of substrate). Dry nitrogen is chosen as carrier gas with a pressure of 2 bar. The
nozzle opening is adjusted in order to set the flow rate of the solution to ∼25 µL s−1. A
heating plate equipped with a massive copper block in order to ensure a homogeneous
and stable temperature field is set to 80 ◦C. The sample is placed below the spray gun
such that it is centered in the spray cone. Careful adjustment of the spray parameters
to these settings reveals wet spray deposition (region I) for all samples fabricated in
the present thesis. Hence, a certain degree of mobility is provided to the deposited
material during film formation on the substrate. In total, 1 mL solution is sprayed
with 10 s pulse duration and 5 s pause in between to allow the residual solvent to
evaporate and to avoid rapid cooling of the heating stage caused by latent heat of
vaporization. It is noteworthy to mention that solutions with high viscosity tend to
spread inhomogeneous large droplets over the sample during the start of each spray
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shot. Therefore, it is useful to adjust the spray protocol such that one single spray
shot can be used. For spraying PEDOT:PSS thin films the spray protocol is slightly
modified by using a larger substrate to nozzle distance of 19 cm and depositing the
material in one single continuous shot with a flow rate of ∼20 µL s−1. In general, a low
viscosity of the solution is required in order to achieve a high atomization yield. Thus,
spray coating allows a reduced material consumption and coating of larger substrates
as compared to spin coating.

3.2.3 Thermal Annealing

Thermal annealing is realized by holding a sample for a certain time at a defined
elevated temperature. The annealing procedure is performed in order to serve several
purposes. First, residual solvent evaporates and therefore the film is dried. Second,
polymer chain relaxation is facilitated by keeping the samples at a certain temperature.
This can have a strong influence on the nanometer scale morphology and crystallinity of
polymer or polymer blend films.[127–129] In the present thesis, PEDOT:PSS thin films
are annealed in the end of each deposition or post-treatment process for 10 min at
140 ◦C. For annealing, a RCT basic heat plate by IKA Werke GmbH & Co. KG
is used. A copper block fitted to the heater plate allows a homogeneous temperature
distribution. Further, a contact thermometer is inserted into the copper block for
active temperature control. After annealing, the samples are placed on a metal plate
in order to rapidly cool down to room temperature.

3.2.4 Thermal Deposition

In order to characterize the performance of the investigated layers in a working device,
the application of a back electrode is required. Thus, aluminum or gold contacts are
evaporated by physical vapor deposition on top of the organic layers. Aluminum is
used as back electrode in the OLED device stacks, while gold has been applied as
electrodes for impedance measurements on highly conducting PEDOT:PSS electrodes.
However, the evaporation procedure is kept the same for both devices. The samples are
placed upside down on a shadow mask, which defines the position of the electrodes in
the custom made setup, formerly implemented by Dr. Robert P. Meier.[130] Typically,
an eight pixel electrode layout is used as depicted in Figure 3.1e. About 60 mg – 80 mg
aluminum grains or gold are placed in a tungsten boat (BD482000-T, Leybold
Oerlikon) or tantalum boat (EVS7005TA, Kurt J. Lesker), respectively. Both
materials can resist a temperature of ∼1600 ◦C, which is sufficient for melting of alu-
minum or gold. Under a working pressure of 1 × 10−5 mbar to 5 × 10−5 mbar, a high
current of ∼90 A (∼180 A) is applied to evaporate a ∼100 nm thick layer of aluminum
(gold) on the samples. After the evaporation is finished, the chamber is vented and
the samples are immediately measured.

59



Chapter 3 Sample Preparation

3.3 Hierarchically Structured Porous ZnO
In the following section the fabrication of hierarchically structured porous zinc oxide
layers is described. ZnO layers are cast from solution, which is prepared by sol-gel
synthesis on the basis of the precursor material zinc acetate dihydrate (ZAD) and a
sacrificial diblock copolymer. In this work, PS-b-PEO is used as structure directing
template. In order to obtain the final scattering layers, various processes are carried
out consisting of preparation of the sol-gel solution, the deposition of it on suitable sub-
strates via spray coating, and a final calcination step where the polymer is combusted
and removed while the crystallinity of the nanostructures is imparted. All preparation
steps are carried out at ambient conditions. The resulting ZnO layers are investigated
in the present work regarding their light scattering behavior for the use in organic light
emitting diodes.

3.3.1 Sol-Gel Synthesis

In the beginning of the sol-gel synthesis all required glass ware and tools are pre-
cleaned with the respective solvent. The ZAD precursor and the structure directing
diblock copolymer PS-b-PEO are dissolved separately in different vials and are mixed
in the end in order to obtain the final sample solution. The polymer concentration is
kept constant at 25 mg mL−1. A schematic overview of the preparation steps for the
final sample solution is depicted in Figure 3.7. The sol-gel synthesis starts with the
dissolving of the copolymer template PS-b-PEO in a so-called good solvent, which dis-
solves both blocks equally well. In the present case, the solvent N,N-dimethylformamid
(DMF) is used. The required amount of PS-b-PEO is weighed into a pre-cleaned glass
vial which is filled up with the corresponding amount of solvent. As only half of the
solvent volume is used it needs to be ensured that the polymer is dissolved completely
in the reduced DMF volume. The remaining DMF is added to the required amount of
ZAD, pre-weighed into another glass vial. Both vials are sealed and kept on magnetic
stirrers for at least 30 min at room temperature in order to obtain clear solutions.
Eventually undissolved parts or larger agglomerates are extracted by separately trans-
ferring both solutions into pre-cleaned glass vials each by using 0.45 µm pore sized
PTFE filter, purchased from Carl Roth GmbH + Co. KG. Next, the required
amount of water, which serves as so-called selective solvent (bad solvent), is added to
the polymer/DMF solution. During another 30 min stirring procedure the micelle for-
mation of the PS-b-PEO is started, induced by former addition of the selective solvent.
After the second stirring step, the two solutions are mixed drop-wise into another pre-
cleaned glass vial using a motorized syringe pump equipped with PTFE tubes. The
pump of type PHD 2000 Infuse/withdraw by Harvard Apparatus is capable
of controlling two syringes at the same time. The PTFE tubes, which are used to
hold the sol-gel solution, have an inner diameter of 2 mm and a length of ∼20 cm. The
injection speed and therefore the mixing rate is kept constant at 1 mL min−1. The
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Figure 3.7
Graphical representation of sol-gel synthesis for ZnO thin films. Zinc acetate dihydrate
(ZAD) and PS-b-PEO are dissolved in DMF in separate vials. After stirring for 30 min,
both solutions are filtered using PTFE filters with a pore size of 0.45 µm. A small amount
of the selective solvent H2O is added to the polymer solution and both solutions are stirred
for another 30 min in order to induce the micellar formation of the diblock copolymer. Then,
both solutions are drop-wise mixed together and stirred for 60 min. Prior to deposition of
the solution, the required amount of PS microspheres is added to the mixed sol-gel solution
and the resulting one is immediately deposited via spray coating.

mixed solution is kept stirring during the whole process and for further 60 min after
the solution transfer is finished.
In order to hierarchically structure the final ZnO layers, different amounts of PS

microspheres are added into the solution in order to serve as additional template for
larger sized pores. Therefore, the sol-gel solution serves as stock solution and is split
into the required number of sample solutions that receive the different microsphere
concentrations. As polystyrene is dissolved by DMF, the microspheres are added to
the sol-gel solution shortly prior to deposition. The final solution is additionally stirred
for ∼10 s in order to support the mixture of the components and to minimize dissolution
of the PS spheres. Then, the final solution is immediately deposited on the substrates.
The obtained thin films are stable at ambient conditions but require a calcination

step in order to create the final scattering layers.
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deposition calcination

a) b) c)

Figure 3.8
Sketch of fabrication process for hierarchically structured ZnO films. a) Micelle solution con-
sisting of the structure directing diblock copolymer PS-b-PEO (micelles) with the aggregated
ZnO nanoparticles (green) obtained from sol-gel synthesis. Addition of PS microspheres (or-
ange) serve as template for a hierarchical structure. b) Composite film with embedded PS
microspheres after deposition. c) Final ZnO film with hierarchical structure obtained after
calcination and removal of the polymer template.

3.3.2 Thin Film Fabrication

As mentioned in Subsection 3.3.1 PS microspheres are added to the prepared sol-gel
solution shortly prior to deposition. The time between the addition of microspheres
and the deposition of the obtained mixture is kept <3 min. As thick films are required
to serve as scattering layer, spray coating according to Subsection 3.2.2 is chosen for
deposition of the sol-gel solution.
Therefore, acid cleaned glass substrates (see page 48) are placed on the 80 ◦C pre-

heated sample stage. The spray gun is mounted in 16 cm distance to the substrate and
is adjusted to a flow rate of 25 µL s−1. In total, 1 mL solution is sprayed in 10 s long
spray pulses separated by 5 s drying time in between. Prior to each film deposition,
the setup is flushed with DMF in order to clean the spray gun. The deposited thin
films are placed on a metal plate in order to rapidly cool down to room temperature
and are calcined afterwards. High temperature treatment of the samples has two ef-
fects. Firstly, the polymer template is combusted and removed from the thin films.
Secondly, calcination provides crystallinity and structural organization to the nano-
structures generated by the diblock copolymer. Calcination is performed in ambient
atmosphere using a tube furnace by GERO Hochtemperaturöfen GmbH. The
samples are placed in the center of the tube where the temperature is most stable and
homogeneous. The two openings of the ceramic tube are closed with ceramic wool
and aluminum foil. A calcination protocol using one ramp is programmed in order
to expose the samples to a controlled temperature increase. A temperature ramp of
6.25 ◦C min−1 is set in order to slowly reach the desired temperature of 400 ◦C. The
calcination time for the thin films is set to 30 min after that the furnace is automat-
ically turned off and the samples cool slowly down to room temperature. Thus, the
polymer template including the microspheres are removed and hierarchically struc-
tured thin films consisting of crystallized ZnO are obtained, as depicted schematically
in Figure 3.8. As the whole process takes several hours, calcination of scattering layers
is typically performed overnight.
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3.4 PEDOT:PSS Thin Films

The second investigated layer for OLED applications consists of the polyelectrolyte
poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), introduced
on page 51. Depending on the blend ratio listed in Table 3.1 it is either used as
electron blocking layer (EBL) or as conducting polymeric electrode. The higher PSS
amount in PEDOT:PSS Al 4083 leads to a lower viscosity and therefore thinner films
via spin coating. More important is its work function, which fits better to the used
adjacent functional layers and provides an optimized band alignment for enhanced
charge carrier transport. Therefore, it is typically used as HTL/EBL between the
electrode and the emitting layer. PEDOT:PSS PH 1000 on the other side shows a
decreased amount of PSS in the blend, which has several effects. The most obvious
one is the decreased solubility in water, which leads to an increased viscosity and
strongly influences the deposition parameters. However, by reducing the amount of
the insulating PSS, the conductivity of the thin film is raised and the work function
is lowered. Those characteristics can be tuned by application of different treatments
to the PEDOT:PSS solutions or thin films.[56] In this work, the focus is set on the
characterization of PEDOT:PSS PH 1000 thin films as polymeric electrode. In the
following, the sample preparation steps for the application of PEDOT:PSS thin films
and their post-treatment are explained.

3.4.1 Solution Preparation and Deposition

As PEDOT:PSS is a polyelectrolyte consisting of hydrophobic PEDOT and hydrophilic
PSS it forms a scrambled egg like structure in water[117] and tend to agglomerate,
which has a negative impact on the deposition process and on the final film homogene-
ity. Therefore, before film deposition, the stock solution is placed for 15 min into an
ultrasonic bath (US-B) in order to break up such agglomerates. Larger clusters and
residual agglomerates are removed by transferring the ultrasonicated solution through
a polyvinylidenfluorid (PVDF) filter with 0.45 µm large pores into a fresh glass vial.
Such filtered PEDOT:PSS solution is stored until deposition on a shaker to prevent
further agglomeration. The so-prepared PEDOT:PSS Al 4083 is directly used for de-
position of the EBL in Chapter 7. All other PEDOT:PSS thin films in the present
thesis are prepared using PH 1000 with lower PSS content. As depicted in the flow
chart in Figure 3.9, further dilution of the purified stock solution is required depending
on the desired deposition method.

Pristine
In order to achieve thin films with sufficient thickness, undiluted PEDOT:PSS is used
in the fabrication process of polymeric electrodes from pristine thin films in Chapter 7.
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Figure 3.9
Flow chart for different dilution concentrations
of PEDOT:PSS solutions and their field of ap-
plication. After subjection of the stock solution
to a 10 min ultrasonic bath (US-B) and trans-
ferring through PVDF filters with 0.45 µm pore
size into a fresh vial, the solution is diluted with
water.

Filtered : H2O = 1 ∶ 1
In order to achieve a sufficient homogeneous thin film on large substrates (Si, 7 × 7 cm2)
for ToF-NR measurements in Chapter 6, a dilution of the stock solution is required.
Therefore, the filtered PEDOT:PSS is diluted 1 ∶ 1 by volume with H2O and put for
1 min into the US-B to ensure full mixture.

Filtered : H2O = 1 ∶ 5
Spray deposition of PEDOT:PSS in Chapter 5 requires a significantly reduced viscosity
of the stock solution to prevent plugging of the spray gun. Therefore, the filtered
PEDOT:PSS PH 1000 is diluted 1 ∶ 5 by volume with H2O and subjected to a 1 min
US-B to ensure full mixture.

Zonyl Additive for Structure Modification
The fluorosurfactant Zonyl is used in order to enhance the wettability of PEDOT:PSS
on the substrate during thin film deposition. Furthermore, the surfactant induces a
change in the morphology by phase separation of the PEDOT and PSS components
that leads to an increased PSS capping layer thickness.[131] In addition, the overall
film thickness is increased compared to the deposition of pristine PEDOT:PSS with
the same parameters. The influence of Zonyl treatment on PEDOT:PSS thin films is
analyzed in Chapter 6 regarding to the electrode performance. In contrast to all other
treatments on PEDOT:PSS that are used in the present thesis, Zonyl is added prior to
film deposition into the solution. Due to the amphiphilic nature of Zonyl, it is found to
be easiest to first weigh the desired amount of Zonyl before adding the corresponding
amount of PEDOT:PSS. In the present thesis, 1 wt.% Zonyl is added to the filtered
1 ∶ 1 diluted solution of the latter and mixed for one to two hours on a shaker.
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Deposition by Spin Coating
In this work, the mainly used deposition technique for PEDOT:PSS thin films is spin
coating (Subsection 3.2.1). Hereby, the substrates are cleaned according to the acid
cleaning protocol (glass, silicon) or organic cleaning protocol (ITO, FTO) on page 48
and page 49, respectively. Prior to deposition, the substrate surface is activated using
an oxygen plasma cleaning procedure as explained on page 49. As the spin coating
parameters vary with the used solution the detailed parameters are given at place in the
chapters. However, the overall procedure is as following: The (diluted) PEDOT:PSS
solution is dropped via a pipette on the substrate such that the surface is completely
covered. After closing the lid, the spin coating process is started immediately according
to Subsection 3.2.1. Then, the final thin films are subjected to a subsequent thermal
annealing process according to Subsection 3.2.3. Thermal annealing is performed after
each deposited PEDOT:PSS layer for 10 min at 140 ◦C. If thicker films are required,
the spin coating with subsequent annealing steps are repeated as necessary.

Deposition by Spray Coating
As spin coating is not suitable for depositing homogeneous PEDOT:PSS electrodes
on top of rough ZnO scattering layers, spray coating according to Subsection 3.2.2 is
employed in Chapter 5. Therefore, a diluted PEDOT:PSS solution (1 ∶ 5) is required
to avoid plugging of the spray gun. While deposition on substrates requires a cleaning
process containing acid or organic cleaning including a subsequent oxygen plasma, this
step is skipped for already coated samples such as ZnO scattering layers in order to
prevent damage to the layers. For deposition, the samples are placed on a heating
plate equipped with a copper block, which is preheated to 80 ◦C. For PEDOT:PSS a
substrate to nozzle distance of 19 cm is used and the flow rate is set to ∼20 µL s−1. After
deposition, the samples are subjected to the same annealing procedure as described
above (140 ◦C for 10 min on heating plate).

3.4.2 Post-Treatment

Untreated PEDOT:PSS PH 1000 thin films reveal typically an electrical conductivity
of ∼1 S cm−1 and therefore can be considered as insulating. In order to raise their
conducting properties to elevated values in the region of typically used TCOs, several
treatments have been developed, either by adding the additives into the solution or
treating the final films after deposition (post-treatment). Those treatments are often
based on high boiling point solvents and are expected to have an influence on the
thin film morphology. Consequently, they are referred to as secondary doping. In
the present thesis, only post-treatments are applied and their impact on PEDOT:PSS
thin films is examined. In the following, the applied post-treatment procedures for the
different used materials are explained in detail.
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High Boiling Point Solvents
Besides the typical used solvent DMSO, ethylene glycol (EG) is a widely used solvent
for enhancing the conducting properties of PEDOT:PSS thin films. Therefore, EG is
chosen as representative among the various possible solvents for PEDOT:PSS conduc-
tivity enhancement and serves for fabrication of reference samples in Chapter 7. In
the present thesis, EG post-treatment is performed with both, spin coating and spray
deposition techniques.
Post-treatment via spin coating is realized by pipetting EG on top of the annealed

PEDOT:PSS thin film, which is placed on the spin coating stage beforehand. For
typical used substrate sizes of 2.5 × 2.5 cm2 a volume of 400 µL – 500 µL is necessary
to cover the whole film. Larger sample sizes such as 7 × 7 cm2 silicon substrates used
for ToF-NR in Chapter 6 require ∼7 mL for full coverage of the sample. After 3 min
reaction time with a closed lid, the excess amount of EG is spun off via spin coating
with a rotation speed of 1500 rpm for 60 s. In order to remove residual solvent and dry
the film completely an additional annealing step for 10 min at 140 ◦C is performed.
Post-treatment via spray coating requires less material compared to spin coating

as the spray cone defines the homogeneous coverage of the sample instead of the
surface tension of the sample in the case of spin coating. Therefore, 200 µL of EG is
sufficient to wet the whole sample surface. The annealed PEDOT:PSS thin films are
placed on the heated sample stage (80 ◦C) and centered in the spray cone. In order to
avoid inhomogeneous spattering over the sample of the high viscous solvent, the whole
amount of EG is completely deposited in one single continuous spray pulse with a flow
rate of ∼15 µL s−1. The flow rate and further the substrate to nozzle distance (19 cm)
is kept the same as for spray deposition of PEDOT:PSS. Finally, the post-treated
samples are transferred to a second heating plate and subjected to 10 min annealing at
140 ◦C in order to evaporate the residual EG and support polymer chain relaxation.

Acid Treatment
In order to extract excess PSS from PEDOT:PSS thin films, acid post-treatment is
performed. The influence of such acid treatment on the morphological structure, film
composition and electrode performance of PEDOT:PSS thin films is subject of inves-
tigation in Chapter 7. Therefore, the prepared pristine PEDOT:PSS thin films are
subjected to a post-treatment with different acids. In addition, the resilience against
water of the post-treated films is tested by a subsequent washing step.
Acid post-treatment is realized at room temperature by placing the PEDOT:PSS

coated samples on a flat, acid resistant base plate. The acid is dripped on the sample
via a glass pipette such the whole sample of 2.5 × 2.5 cm2 size is covered. In the present
thesis, an amount of 700 µL was necessary for HCl, HNO3 and H2SO4, while 300 µL
of HCOOH was sufficient due to its better wetting on the PEDOT:PSS films. After
a 10 min reaction time, the samples are fixed with tweezers and dried by carefully
blowing away the residual amount of acid using a continuous, dry nitrogen flow. As
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the acid soaked PEDOT:PSS films easily tear off during this treatment, the gas flow
rate should be kept low in order to avoid destroying of the film. The drying procedure
is finalized by transferring the samples to a heating plate and anneal them for 10 min
at 140 ◦C according to Subsection 3.2.3.
If required, washing of the acid treated samples is performed in H2O. Hence, the

dried samples are slewed with the aid of tweezers subsequently for ∼5 s in three different
beakers containing 300 mL H2O each. The excessive washing procedure has two effects.
On one hand, it is performed in order to assure the removal of any residual acid
components from the film. On the other hand, it is used to test the resilience of the acid
treated films against water. As a final step, the washed samples are again subjected to
a last drying procedure as described above. Thus, the wet samples are carefully dried
under a continuous flow of dry nitrogen gas and subsequently transferred to a heating
plate and annealed for 10 min at 140 ◦C following the well known annealing protocol
given in Subsection 3.2.3.

3.5 OLED Assembly
This section explains the general procedure and sequence of OLED sample preparation
used in the present thesis. As the focus of the present work is set on the investiga-
tion of additional functional layers in a typical OLED device stack, namely scattering
layers and polymeric electrodes, a standard emitter is selected for device fabrication.
Thus, Super Yellow® (PDY-132) (see page 53) is used in fabrication of OLED de-
vices. Below, the preparation of the emitter solution is given and followed by the
two used device stacks. As the subject of investigation are ZnO scattering layers and
polymer electrodes consisting of acid treated PEDOT:PSS PH 1000, the fabrication
of all other layers is kept constant. Therefore, the thickness of the electron blocking
layer (PEDOT:PSS Al 4083), the emitting layer (Super Yellow®) and the top elec-
trode (aluminum) for the prepared layers is measured as (34 ± 7) nm, (42 ± 5)nm, and
(200 ± 10) nm, respectively. In contrast to a common OLED device as introduced in
Section 2.4, here, no electron transport layer (ETL) or hole blocking layer (HBL) is ap-
plied between the aluminum back electrodes and the emitting material. This drawback
is owed to conditional of manufacturing limitations, which has to be taken into account
when evaluating the obtained device performance, as the omitted ETL/HBL lowers
the maximum achievable device efficiency. However, the obtained OLEDs are consid-
ered as suitable to serve as test devices for comparative evaluation of the investigated
functional layers.

3.5.1 Preparation of Emitter Solution

The Super Yellow® solution is prepared one day in advance to assure full dissolution
of the solute. Hence, the required amount of solution is calculated and the correspond-
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Al 4083

Super Yellow
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Figure 3.10
OLED stack of the prepared devices. For all devices the material and deposition of the top
electrode (aluminum), the emitting layer (Super Yellow®) and the EBL (PEDOT:PSS Al
4083) is kept constant. The red box marks the layer which is exchanged and investigated in
the present thesis. ITO coated glass substrates are used for fabrication of reference devices,
while for ITO-free devices the ITO layer is replaced by two layers of subsequently spin
coated PEDOT:PSS PH 1000 subjected to different treatments. Note: Due to conditional
of manufacturing limitations the application of an ETL or HBL is omitted.

ing amount of PDY-132 is weighed into a pre-cleaned glass vial using a micro balance
by Sartorius AG. Cleaning of the vials and other used items with contact to the
sample is performed by rinsing with the corresponding solvent and subsequent drying
under a nitrogen flow. The weighed Super Yellow® is dissolved in toluene with a
concentration of 3 mg mL−1. The sealed vial is wrapped into aluminum foil in order
to prevent degradation by incident light and stirred over night. The prepared emitter
solution is then ready for spin coating. Note, for spray coating of the emitter solution
a concentration of 1 mg mL−1 is found to be sufficient.

3.5.2 Reference OLED Stack

The standard OLED device stack used in the present thesis is based on an ITO bot-
tom electrode and is depicted in Figure 3.10. All investigated ITO-free devices are
compared to the performance of the here described one. The fabrication is performed
as following: First, the ITO substrates are patterned in order to avoid short circuits
between the bottom electrode and the contact pins during device characterization (see
page 47). Then, the structured ITO substrates are subjected to the organic cleaning
protocol with subsequent oxygen plasma, described on page 49. PEDOT:PSS Al 4083
serves as electron blocking layer and is spin coated on top of the ITO layer according
to Subsection 3.2.1 (2500 rpm, 60 s) and followed by an annealing step as described in
Subsection 3.2.3 (10 min at 140 ◦C), which yields a film thickness of ∼34 nm. 300 µL
of PEDOT:PSS Al 4083 are sufficient to completely cover the 25 × 25 mm2 sized sub-
strates. As toluene is an orthogonal solvent for the deposited PEDOT:PSS layer,
400 µL of the previously prepared PDY-132 solution can safely be applied by spin
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coating with a rotation speed of 1500 rpm for 60 s, yielding a film thickness of ∼42 nm.
After a second annealing step, the bottom electrode is exposed at two positions for
contacting purpose by mechanically wiping with a toluene soaked cotton stub. 200 nm
aluminum contacts are thermally evaporated according to Subsection 3.2.4 in order
to serve as top electrodes and to define the eight pixel layout of the samples. The
freshly prepared OLED devices are immediately characterized by their current voltage
characteristics and emission efficiency.

3.5.3 ITO-free OLED Stack

In order to test the performance of the investigated polymeric electrodes in a working
device, ITO-free OLEDs are fabricated. The ITO-free OLED stack only distinguishes
from the reference OLED by replacing the ITO layer with two layers of subsequently
spin coated PEDOT:PSS PH 1000 (Figure 3.10). A graphical representation of the
general ITO-free OLED preparation routine is depicted in Figure 3.11. Glass sub-
strates are cleaned according to the acid cleaning protocol described on page 48 with
a subsequent oxygen plasma (page 49). Two layers of filtered pristine PEDOT:PSS
PH 1000 solution are spin coated (500 µL each, 1200 rpm, 60 s) on top of the cleaned
glass substrates according to Subsection 3.2.1. After each layer subsequent annealing
following Subsection 3.2.3 is performed. The PH 1000 layers are subjected to different
post-treatments according to Subsection 3.4.2 in order to achieve highly conducting
polymeric electrodes that serve as bottom electrode.
On top of the polymeric electrodes an additional PEDOT:PSS Al 4083 layer is

applied to serve as electron blocking layer. In order to be able to contact the bottom
electrode during later measurements, the Al 4083 layer is structured by covering two
edges of the PH 1000 electrodes with PTFE tape (Figure 3.11d). The deposition and
annealing of the Al 4083 layer is performed in the same way as for the reference device
(300 µL, 2500 rpm, 60 s).
After application of all PEDOT:PSS layers, the polymeric electrode needs to be

patterned in the same way as ITO electrodes such that the top electrode can be
contacted without the risk of short circuits. Therefore, the two edges adjacent to the
previously masked ones are mechanically wiped with an acetone soaked cotton stub in
order to expose the underlying glass substrate (Figure 3.11e).
The deposition of the emission layer (PDY-132) and the aluminum top electrodes

are performed in the same way as for the reference device.
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Figure 3.11
Graphical representation of the fabrication process for ITO-free OLEDs. a) Glass substrate
(acid cleaned, O2 plasma). b) Spin coating of two layers of PEDOT:PSS PH 1000. c) Post-
treatment in order to make PEDOT:PSS PH 1000 highly conductive. d) Masking and
application of PEDOT:PSS Al 4083 as EBL. e) Structuring of PEDOT:PSS back electrode.
f) Application of Super Yellow® as emitting layer. g) Thermal evaporation of aluminum
top electrodes. Furthermore, thermal annealing (10 min, 140 ◦C) is performed after deposi-
tion of each single layer.
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CHAPTER4
Sample Characterization

The focus of the present thesis is on the characterization of functional layers employed
in OLED devices. Hence, thin film characterization techniques are utilized to determine
their physical properties. Since for light emitting devices the transmissive behavior of
the investigated functional layers is of major interest, UV-Vis spectroscopy is employed
to determine the absorption behavior (Section 4.1). Additional to the transmittance,
the chemical composition of polymeric electrodes is probed with X-ray photoelectron
spectroscopy (XPS). The methods used to characterize the electronic properties of thin
films are treated in Section 4.2. Four-point probe measurements and impedance spec-
troscopy are employed in order to determine the DC and AC response of polymeric
electrodes. Methods for basic structural characterization in real space are explained in
Section 4.3. Thereby, optical microscopy is used to evaluate the homogeneity of films
and obtain the pixel size of OLEDs. Profilometry and atomic force microscopy (AFM)
is performed to determine the film surface roughness and thickness of the functional
layers, while scanning electron microscopy (SEM) is used to evaluate the real space
structure in detail. Furthermore, cross-sectional imaging is used to investigate layer
stacks of ZnO/PEDOT:PSS bilayers. As real space imaging techniques are limited
to a small section of a sample, scattering methods are employed to obtain structural
information with more statistical relevance (Section 4.4). Here, the thin films are
probed with X-rays or neutrons to obtain (in situ) structure information. X-ray re-
flectometry (XRR) and time of flight neutron reflectometry (ToF-NR) are employed
to characterize the vertical film composition of polymeric electrodes upon the expo-
sure to saturated water atmosphere. Grazing-incidence X-ray scattering techniques are
used to probe the lateral structure of ZnO light-scattering layers in the range of nm
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(GISAXS). As the crystallinity of polymeric electrodes has strong impact on their elec-
tronic properties, GIWAXS measurements are conducted to determine the influence
of different treatments upon the device performance. In order to obtain a structure-
function relation of ZnO light-scattering layers, the angular resolved scattering has to
be measured. Therefore, the construction and working principle of a goniophotome-
ter setup is given in Section 4.5. The custom-built setup is capable to measure the
angular and wavelength dependent scattering of thin films or the emission of OLEDs,
respectively. Furthermore, the total emission of OLEDs is determined via an optional
integrating sphere. The investigated OLEDs are connected to a Keithley source
meter to obtain simultaneously the current-voltage characteristic of the investigated
devices.

4.1 Spectroscopic Characterization

4.1.1 UV-Vis Spectroscopy

In order to characterize the optical properties of thin films regarding their absorption
and transmission behavior from the ultraviolet (UV) to the near-infrared (IR) region
of light, UV-Vis spectroscopy measurements are performed. This enables an analysis
of the samples regarding their optical band gap and the overall transmissive behavior,
which is of crucial importance for the performance of transparent electrodes. Spec-
troscopic measurements are performed with two different instruments, both supplied
by PerkinElmer, namely Lambda 35 and Lambda 650 S. Those instruments are
equipped with a deuterium and a tungsten-halogen light source to cover the whole
visible light spectrum and beyond, from the UV to IR range. For both instruments
the measurement procedure and working principle is the same. A mirror directs the
emitted light from one of the lamps towards a filter and collimator setup. Afterwards,
the wavelength is selected by a monochromatic mirror and a subsequent slit, which is
set to 1 nm width. The monochromatic light is equally split into two beams, whereby
one passes the sample and the other one serves as reference. Afterwards, the inten-
sity of both beams is detected via photodiodes. The transmitted light intensity I is
compared to the unobscured intensity I0, which defines the transmittance T (λ) of the
material. In general, the transmittance of a sample is given by the Lambert-Beer’s
law, whereas losses due to reflection and scattering are neglected:

T (λ) = I(λ)
I0(λ)

= exp (−β(λ) d) , (4.1)

with the absorption coefficient β and the sample film thickness d. In order to ac-
count for the transmittance of the substrate (e.g. glass), a reference measurement
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Figure 4.1
Available UV-Vis measurement setups. PerkinElmer Lambda 35 (left column) enables
direct transmittance and reflectance (αi = 45°) measurements, omitting scattered and re-
fracted light. PerkinElmer Lambda 650 S (right column) enables measurement of the
total transmitted/reflected light intensity by the built-in integrating sphere with 150 mm
diameter.

is performed in the beginning and the transmittance of the thin film is obtained by
correcting the raw signal of the whole sample:

T (λ) = Traw(λ)
Tref(λ)

, (4.2)

with the measured transmittance Traw and the substrate contribution Tref . In spec-
troscopy often the absorbance A(λ) of a material is of interest, which can be deduced
from the transmittance by:

A(λ) = β(λ) d
ln 10 = − log10 T (λ) (4.3)

(4.4)

Therefore, the absorption coefficient β can be expressed either as a function of the
absorbance or the transmittance:

β(λ) = 1
d
A(λ) ln 10 = −1

d
lnT (λ) (4.5)

The absorption coefficient is normalized to the sample’s film thickness and therefore
is a material specific parameter, which enables a comparison of differently prepared
samples.
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The setups for the measurements performed with these two instruments are depicted
in Figure 4.1. The instruments distinguish regarding the detectable wavelength range
and the detectable solid angle. The detectable range of the Lambda 35 instrument
is 190 nm – 1100 nm with a scanning speed set to 240 nm min−1. The lamp change
from tungsten-halogen to the deuterium light source is performed at 326 nm. For this
instrument scattered or refracted light is omitted and thus, only direct transmittance or
reflectance spectra are recorded. For reflectance measurements, a PELA1025 mirror
from PerkinElmer is used, which provides a specular reflectance measurement with
an incident and exiting angle of 45°.
The second instrument Lambda 650 S is equipped with an integrating sphere of

150 mm diameter (Lambertian surface), which allows the detection of the total trans-
mitted (reflected) light intensity. The spectra are recorded with a scanning speed set
to 266 nm min−1 in a wavelength range from 250 nm – 950 nm. The lamp change is per-
formed at 319.2 nm. Before a measurement is conducted, the spectrometer sensitivity
of both devices is calibrated according to 100 % and 0 % transmitted intensity, the
so-called auto-zero (blank beam) and blocked-beam measurement, respectively. After
each measurement, the recorded transmittance is normalized to 1.

4.1.2 X-ray Photoelectron Spectroscopy (XPS)

A widely used technique to study the compositions of materials is X-ray photoelectron
spectroscopy (XPS). Its principle is based on the absorption of light and the resulting
photoelectric effect. In order to avoid scattering of the emitted photoelectrons on
air, XPS measurements are usually performed under high vacuum. While UV, visible
light, or lasers are often used as light source to determine the work function of a
material, X-rays render the examination of stronger bound core electrons. Due to the
characteristic electron binding energy for different elements and their core levels, the
identification of different species in a sample is possible. Furthermore, by comparing
the number of detected electrons of the identified species a quantitative determination
of the composition is enabled. The sample is hit by monochromatic X-rays, typically
in the range of several keV, and eventually emits photoelectrons. The electrons then
pass through an electromagnetic lens system, where the exposure to an electric field
allows deflection and sorting according to their kinetic energy before they are recorded
via an hemispherical detector array. By measuring the kinetic energy of the emitted
photoelectrons, one can determine their binding energy EB to the emitting element
by:

EB = Eph − (Ekin + Φspec), (4.6)

where Eph is the energy of the incident X-ray photons, Ekin the kinetic energy of
the emitted electrons, and Φspec the work function of the spectrometer/detector itself.
Φspec is an adjustable correction factor of the instrument, taking into account the
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loss in kinetic energy of the photoelectrons as they are absorbed by the detector. In
addition, surface charges on the sample may cause an energetic deviation and therefore
a positive or negative shift in binding energies. In order to overcome this shift, typical
XPS spectra need to be corrected according to a charge reference. For this purpose,
adventitious carbon is commonly used, due to its presence on the surface of all air
exposed samples. Therefore, all spectra in this work are shifted according to the C 1s
signal, which is set to 285.0 eV.
In addition, different bonding types with different elements cause a change in the

electronic environment of the probed species. Depending on the difference in elec-
tronegativity of the involved elements, the emitted photoelectrons vary slightly in
binding energy based on Coulomb repulsion/attraction of the partly charged element
in comparison to its neutral state. XPS enables high resolution spectra of a specific
energy band in the range of tens of eV for a core level. Thus, the small shifts in
binding energy are detectable, which permit to draw conclusions about the bonding
environment and the related oxidation level of species. Hence, XPS renders not only
for determining the quantitative chemical composition of a sample, but also for the
different oxidation states of the same element. It is noteworthy to mention that despite
of the high penetration depth of X-rays, the path length of the generated electrons is
typically in the range of a few nm. Therefore, the information depth for XPS is very
limited and the method is considered as surface sensitive. The obtained binding energy
can be compared to several databases such as NIST[132] to identify specific elements
and their bonding environment.
The measurements in this work were performed in the group of Jonathan Veinot

at the University of Alberta, Canada. The used instrument was an AXIS 165 by
Kratos, which was operated with a Mg-Kα X-ray source producing photons with an
energy of Eph = 1.254 keV. Thin PEDOT:PSS films were prepared on FTO substrates
to avoid charging effects on the sample surface due to released photoelectrons. Data
analysis was performed using the software CasaXPS v 2.3.13.

4.2 Electronic Characterization

4.2.1 Four-Point Probe Measurements

The sheet resistance of the investigated thin films is determined with a four-point probe
setup equipped with a Tektronix Keithley 2400 source meter in combination with
a Cascade Microtech C4S 54/5 3208 probe. The probe consists of four equally
distant tungsten carbide test prods (l = 1.27 mm) with tip radii of 127 µm. The
pins are pressed onto the sample surface with a spring force of 40 g – 70 g to assure
good electrical contact. By sweeping a current I from pin 1 to pin 4 through the
thin film, the voltage drop V between pin 2 and 3 can uniquely be measured. Thus,
the measurement method is free of resistance contribution from wires or contacts. In
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Figure 4.2
Scheme of a four-point probe for sheet resistance measurement. Four pins (1 – 4) with
equal distance l are brought into contact with the sample surface. The sample’s dimensions
are described with the width W , length L, and film thickness d. While running a current I
from pin 1 to 4, the established potential V between pin 2 and 3 is measured.

Figure 4.2 a schematic depiction of the measurement setup is shown. In this case,
the electrical conductivity σ between two probes is given by Equation 4.7, where ρ is
the film’s resistivity, I the current, V the established potential between two probes in
distance l and a geometry correction factor F that takes into account the dimensions
of the sample[133]

σ =
1
ρ =

I

V

1
2 π l F . (4.7)

To obtain a reliable measurement the sample dimensions must be much larger than
the tip distance l. Thus, the current flow between the tips is not impaired by edge
effects of the sample. For l ≪ W ∧ l ≪ L, the sample can be considered as infinite
large compared to the measurement probe. In the case of thin films is l≫ d and the
correction factor becomes F = 1. Thus, Equation 4.7 yields the sheet resistance R□ of
a thin film, which is used in the present thesis:

R□ =
1
σ d

=
ρ

d
=
V

I

π

ln 2 . (4.8)

To clearly distinguish the sheet resistance, its unit is given as Ω□−1. Hereby, the value
describes the resistance through a square of any size perpendicular to the current flow.
Thus, the □ shows that the given value is related to a thin film and not a bulk material.
The measurement requires an ohmic behavior of the investigated thin film, resulting in
a linear dependence of V (I). Therefore, current sweeping is set to ranges smaller than
−100 µA – 100 µA with the compliance set to 100 V to avoid charging effects at the
contacts. Equation 4.8 shows the sheet resistance is dependent on the film thickness.
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Therefore, typically the conductivity σ is used to compare the performance of thin film
electrodes.
As for transparent electronic devices the transmittance T (λ) of the used materials is

of high importance, it is often related to the sheet resistance to obtain a figure of merit
(FoM) for the performance of a transparent electrode, i.e. a transparent conducting
organic thin film such as PEDOT:PSS.

T (λ) = (1 + Z0
2R□

σop(λ)
σdc

)
−2

⇒ FoM =
σdc

σop(λ)
=

Z0

2R□ (
1√
T (λ)

− 1)
, (4.9)

where σop(λ) and σdc are the optical and the direct current conductivities, respectively
and Z0 = 377 Ω is the impedance of the free space.[134] The minimum requirements for
transparent electrodes is considered as T > 90 % and R□ < 100 Ω□−1. Therefore, the
minimum industry standard corresponds to a FoM > 35.[135,136]

4.2.2 Impedance Spectroscopy

Potentiostatic electrochemical impedance spectroscopy (PEIS) is used to measure the
frequency dependent response of a material between two contacts upon an AC sig-
nal. In the frame of this work it is applied to examine the possible application of
PEDOT:PSS electrodes for AC electronic components. The measurement is performed
by applying a small sinusoidal voltage around a constant potential and recording the
current flow through the sample. Thus, the AC dependent resistance is measured as
the impedance Z, consisting of a real and an imaginary part:

Z = R + iX = Re(Z) + i Im(Z) = ∣Z∣ exp(i Φ). (4.10)

The obtained data reveal information about the ohmic resistance R and the phase shift
Φ between the applied and the recorded signal and therefore can be used to evaluate
the usable frequency range for AC devices. The collected data is typically depicted
as − Im(Z) versus Re(Z), the so-called Nyquist plot. In addition, representation
in the so-called Bode plot is as well widely used, where the absolute value of the
impedance ∣Z∣ and the phase shift Φ are plotted versus the logarithmic frequency f .
For most systems a detailed physicoelectrical model is unavailable.[137] Thus, modeling
of the obtained data is typically realized using an equivalent circuit that reveals the
electrical characteristics of the investigated samples. Such an equivalent circuit is in
this case built up by combinations of ideal resistors R, inductors L and capacitors C,
which can have a non-ideality factor α in order to account for sample inhomogeneities.
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Figure 4.3
Nyquist plots of some basic components used in equivalent circuit modeling for impedance
spectroscopy. The corresponding equivalent circuit is depicted next to the impedance spec-
trum it creates. a) Resistor, b) non-ideal inductor, c) non-ideal capacitor, d) parallel circuit
of capacitor and resistor, also known as constant phase element.

Each different element in an equivalent circuit has its own contributions to the overall
impedance Z, which is described in the following equations:

ZR =R (4.11)

ZLα =(iω)α L
α=1
= iω L (4.12)

ZCα =
1

(iω)αC
α=1
=

1
iω C (4.13)

The dimensions for the modified inductance and capacitance are H sα − 1 and F sα − 1,
respectively, in order to maintain the correct units. For α = 1 the modified versions of
Lα and Cα are equivalent to an ideal inductor and capacitor. Except for the resistor,
all other components depend on the applied signal frequency f = 2πω. Therefore, a
sinusoidal voltage over a wide range of frequencies f is applied to the system in order
to reveal information about the values and arrangement of the single components and
hence the properties of the investigated samples.
In Figure 4.3, typical Nyquist plots of the above mentioned basic components are

depicted. As seen in Equation 4.11 the imaginary part of the impedance for an ohmic
resistor becomes Im(Z) = 0 and only the real part contributes. Therefore, an ohmic
resistor results in a point on the Re(Z) axis in Figure 4.3a for all applied frequencies.
An ideal inductor and an ideal capacitor (α = 1) produce a vertical line in the bottom
and top sector of the Nyquist plot, corresponding to a phase shift Φ of 90° and −90°,
respectively. Non-ideal inductors and capacitors, described by Equation 4.12 and 4.13,
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Figure 4.4
Exemplary electrode pattern for impedance measure-
ments. The gold pins are placed on two oppositely
evaporated gold electrodes in order to measure the in-
plane film response between those contacts. The film
is patterned such the evaporated gold contacts cover
half of the film and the substrate.

contain an additional contribution of Re(Z). The resulting phase shift of 0° < Φ <

∣90°∣, which is considered with an ideality factor 0 < α < 1, is depicted in Figure 4.3b,c
as a slope in the Nyquist plot. Figure 4.3d shows a parallel circuit of a non-ideal
capacitor and a resistor, also known as constant phase element, which is used to model
the behavior of an insulating material such as untreated PEDOT:PSS. For a perfect
capacitor the graph shows a semi-circle in the Nyquist plot, which is damped for non-
ideal capacitors with 0 < α < 1.
If the sample’s geometry is known, impedance spectroscopy allows to calculate the

DC conductivity σ from the measured resistance R by Equation 4.14.

σ =
s

RA
=

1
R

s

b d
, (4.14)

with the electrode distance s = 4.96 µm, the cross-sectional area A = b d, the width
of the electrodes b = 3.53 µm, and the film thickness d.[138] Thus, the measurements
obtained from impedance spectroscopy are comparable to the data obtained from four-
point measurements and can be further verified.
In the present thesis, impedance spectroscopy were performed with a SP-150 device

by BioLogic Science Instruments. In order to obtain reproducible measurements,
the sample’s substrate is exposed at the edge to allow contacting of evaporated elec-
trodes above the substrate instead of the film. This results in contacting the sample
with conducting needles attached to micromanipulators without putting pressure on
the investigated film, as depicted in Figure 4.4. Measurements are performed with
a single sine signal with an amplitude of 10 mV and the constant potential set to
0 V against the open circuit potential between the two gold contacts. The applied
signal’s frequency is swept from 1 MHz to 1 Hz with 20 data points per decade (loga-
rithmic spacing). In order to increase the measurement statistics, data acquisition is
performed with 10 measurements per frequency and 0.1 s waiting time between each
acquisition. The working electrode potential E is set to a maximum measurement
range of −10 V – 10 V, with the current measurement sensitivity set to automatic.
The band pass filter is set to 5, corresponding to a bandwidth of 62 kHz. Data model-
ing with equivalent circuits is performed with the included software EC-Lab® v11.20
(5.3.2018) by BioLogic Science Instruments.
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4.3 Structure Investigation in Real Space

4.3.1 Optical Microscopy

In order to evaluate the thin film homogeneity and to determine the active area of
OLEDs, optical microscopy has been employed. An Axiolab A microscope by Carl
Zeiss was used to obtain microscopy images with 1.25×, 2.5×, 10×, 50× and 100×
magnification. A reflected-light geometry is chosen to permit the measurement of non-
transparent films or substrates. Digital micrographs are recorded with a PixeLink
PL-S621CU CMOS sensor (1280 × 1024 px2, 8.52 mm sensor diagonal). Real space
distances are calculated according to the transformation factors listed in Table 4.1.
Image processing and analysis is performed using the software ImageJ v1.44p.[139]

The resolution limit in the focal plane is given according to the Rayleigh criterion:

R =
1.22λ
2NA , (4.15)

with the numerical aperture NA and the wavelength λ.

Table 4.1
Available magnifications for optical microscopy images with corresponding numerical aper-
ture NA, spatial resolution R and transformation factor from pixel size to real space length.
The spatial resolution is calculated according to Equation 4.15 for λ = 700 nm. Distances
in real space correspond to a distance of 1 pixel in digital micrographs. The factors have
been formerly determined empirically.

magnification NA R(λ = 700 nm) factor

[µm] [µm px−1]

1.25 0.035 12.2 6.258

2.5 0.075 5.7 3.2

10 0.20 2.1 0.8

50 0.70 0.61 0.16

100 0.75 0.57 0.08

4.3.2 Profilometry

Profilometry is a fast technique to determine the thickness and the surface profile of
thin films. In order to determine the film thickness, the samples are scratched and
the height-profile across the scratch is measured. In the present thesis a DektakXT
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Figure 4.5
Exemplary height profile across a scratched
thin film of spin coated PEDOT:PSS. The
film thickness is calculated by taking the ab-
solute difference of the mean height at cursor
C1 and C2. In addition, the film roughness
Pq can be determined. For the present ex-
ample a film thickness of (150.3 ± 1.5) nm
and a root mean square roughness of 1.0 nm
is obtained at C1.
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by Bruker Nano Surface Division is used. This device is equipped with a stylus
mounted above a high precision xy-stage. The sample is placed on the stage such
that the scratch is perpendicular to the movement direction of the sample stage. The
diamond tip of the stylus has a radius of 2 µm and is used with a contact pressure
corresponding to the weight of 1 mg. While moving the xy-stage with the additional
equipped actuator, which permits a continuous precise movement in measurement
direction, the vertical deflection of the probe is recorded and translated into a height-
profile. An exemplary measurement is depicted in Figure 4.5. For a more quantitative
comparison of measurements, the root mean square roughness Pq and the average step
height ASH is extracted from such profiles using the included software Vision64. The
ASH is calculated by taking the mean height outside (Figure 4.5, C1) and inside (C2)
the scratched area of nine different measurement spots distributed across the sample
yielding the average film thickness. Typical measurements were performed over a
scan range of 350 µm with a scan speed of 35 µm s−1. Hence, a lateral resolution of
117 nm pt−1 is obtained. It is noteworthy to mention that, due to the contact pressure,
the tip might penetrate soft materials such as polymers. Furthermore, brittle materials
might even be damaged and the measurement might be imprecise by agglomeration of
particles at the tip. Thus, in combination with possible material residuals within the
scratched area, the obtained film thickness might be underestimated. However, the
technique provides good starting values for the fitting of XRR data (Subsection 4.4.1),
which provides more precise information about the vertical film structure of polymer
thin films.

4.3.3 Atomic Force Microscopy

A main constraint in optical microscopy and SEM, where only a two dimensional
projection of the investigated surface is observable, is the limitation of the height
information that can be accessed from such measurements. In contrast, atomic force
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microscopy (AFM) enables very precise imaging of a sample’s topography. Therefore,
a three dimensional map of the sample is attainable with accurate height information
in nm-resolution. This is achieved by a sharp tip which is scanned over the sample
surface line-by-line. A wide field of different tips can be chosen to probe samples with
very different properties. Thus, the kind of contrast can be adjusted to the sample’s
characteristic of interest and can be combined with the spatial nm-resolution, e.g.,
mapping its 3D surface topography or conductivity. In this thesis, basic AFM is
used to probe the sample’s topographical information and therefore is applicable for
electrically insulating polymers that are not capable for SEM measurements.
The working principle of an AFM is based on the interaction of the very small

tip with the atoms on the sample surface. Therefore, the tip is brought into close
proximity with the surface such that an inter-atomic force is detectable. Thus, the
resolution is based on the size of such a tip with typical curvature radii in the range of
<10 nm. A Lennard-Jones potential is used to describe the short-range repulsive and
long-range attractive interaction. This allows for three different modes of operation,
namely contact, tapping, and non-contact mode. In order to avoid damaging of soft
matter surfaces, the measurements in the present thesis are conducted in tapping mode.
Hereby, the cantilever, where a sharp tip is mounted, oscillates near its resonance
frequency and is brought into close proximity to the sample surface. The interaction
with the nearby surface atoms of the sample affects the amplitude of the oscillation. A
laser is focused to the back of the cantilever whereas a multi-sector photodiode detects
its reflection and therefore the movement of the cantilever. Thus, any variation in the
oscillation’s amplitude is recorded and translated into a height information. A feedback
loop is applied to keep the cantilever in a constant distance to the sample surface in
order to prevent damaging of the tip or the sample. Using piezoelectric actuators the
cantilever is scanned line-by-line over the sample to map the topographic information
with the lateral structure size of the sample.
In the present thesis a MFP-3D AFM by Oxford Instruments Asylum Re-

search is used at ambient conditions. The cantilever is driven in tapping mode with
a scan rate of 0.1 Hz. 40 × 40 µm2 micrographs with a pixel density of 512 px/line
are obtained for ZnO samples in order to analyze the surface topography and film
roughness. The software Gwyddion v2.45[140] is used for data analysis and im-
age post-processing. Obtained AFM images are corrected according to tilt (leveling)
and polynomial background subtraction. Height profiles are extracted by line-cuts in
direction of the fast scanning axis. Similar to SEM data analysis described in Subsec-
tion 4.3.4, RPSDs are extracted in order to obtain the dominating surface structure
size.
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4.3.4 Scanning Electron Microscopy

Structural investigations with nm-resolution are performed with scanning electron mi-
croscopy (SEM). In contrast to optical microscopy, electrons are used to probe the
sample surface, which renders a much higher resolution in real space and a large depth
of field. On the downside, high vacuum and conducting samples are required. Consid-
ering a typical used acceleration voltage of V = 5 keV the de Broglie wavelength for an
electron becomes:

λ =
h
p =

h c√
2me c

2 e V + (e V )2
≈ 17.3 pm (4.16)

with Planck’s constant h, the electron momentum p, the speed of light c, the rest mass
of an electron me and its elementary charge e. Hence, resolutions of less than 1 nm are
possible.
The working principle of a SEM is as following: First, electrons with a well defined

kinetic energy are generated in an electron gun. Electrons are either generated by
thermal or field emission, while the best quality is usually provided with a combination
of both. Such thermally assisted field emission guns (Schottky cathode) provide a
high electron flux in combination with a stable and well defined kinetic energy and
enable low acceleration voltages (<5 kV). Therefore, the latter type is typically used
to achieve good quality images. The generated electron beam is condensed by a set
of electromagnetic lenses and is cut down by an aperture to a specific beam size. The
quality and the adjustment of these lenses defines the size and shape of the electron
beam, which has a strong influence on the final image resolution and quality. Scan
coils are used to guide the beam to the desired position on the sample surface in order
to scan over the whole region of interest line-by-line. The incident electrons (primary
electrons) penetrate the sample and get scattered, which releases mainly low energy
secondary electrons (≈10 eV – 50 eV) resulting from inelastic scattering on the sample’s
surface which provide a strong topographical contrast. In addition, material contrast
is possible by detecting the elastic backscattered electrons or eventually generated
Auger electrons. Furthermore, characteristic X-rays may be detected for a chemical
mapping via energy-dispersive X-ray spectroscopy (EDX). Primary electrons create a
so-called scattering plume where the detected signal comes from, which is typically
larger than the beam size. While secondary electrons are released close to the surface,
backscattered electrons and X-ray radiation are originated from deeper regions of the
sample and provide lower resolution due to the widened scattering volume. Therefore,
in practice, the resolution is limited by the diameter of the electron beam and the
size of the generated scattering plume. This yields typical resolutions for secondary
electron detection in the range of 1 nm – 10 nm.
The image quality highly depends on the contrast of the detected signal. For sec-

ondary electrons, which are used in this work, the contrast depends on the atomic
number of the element, the work function of the surface and the local curvature/sample
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topography. Therefore, high structures (hills) and edges appear bright, due to a shorter
working distance at this point whereas low structures (dips) appear dark, even if they
composed of the same material. In order to prevent charging effects of the sample,
which can lead to loss in contrast, the depletion of electrons at the sample’s surface
needs to be compensated. Therefore, investigated samples are cast on conducting
substrates such as silicon, FTO, or ITO.
In this work a Gemini NVision 40 FIB-SEM by Zeiss is used. This instrument

is equipped with a thermally assisted field emission gun and an in-lens detector for
secondary electron detection, which allows low acceleration voltages and a small work-
ing distance. The smallest aperture of 10 µm is chosen to obtain a small beam size
and thus a high resolution. An acceleration voltage of 5 kV with a working distance
of ∼3 mm is used for most of the measurements. However, for insulating samples with
a low electron yield such as polymers, an acceleration voltage of 1 kV – 2 kV and a
small working distance of ∼1 mm is required to achieve a sufficient image quality and
a reduction of charging effects.
For cross-sectional imaging, the desired samples are quick-frozen in liquid nitrogen

and subsequently broken on a sharp edge. By this means, the soft or porous samples
are hardened and well defined breaking edges are obtained. Samples for cross-sectional
imaging are typically deposited on silicon substrates which guide the thin film to brake
along a well defined crystal direction of the wafer. In this thesis cross-sectional imaging
is typically performed with a 45° tilt of the sample towards the electron beam. The
obtained distorted images are directly corrected by the measurement software during
the data acquisition process.
For evaluation of the SEM images the software ImageJ v1.44p[139] is used to adjust

contrast and sharpness. Fast Fourier transform of the micrographs permits the iden-
tification of dominating structure sizes. Radial integration of the Fourier transformed
image yields a radial power spectral density (RPSD), which enables a quantitative anal-
ysis of the surface structures that can be compared to the volume structures obtained
by GISAXS measurements (Subsection 4.4.3).

4.4 Structure Investigation in Reciprocal Space

4.4.1 X-ray Reflectometry

In order to analyze the vertical film composition and thickness of thin films, X-ray
reflectometry (XRR) measurements have been employed. The measurement method
is sensitive towards different scattering length densities (SLDs). Concerning X-rays,
the SLD is linked to the material’s electron density and increases with atomic number
and material density. Therefore, it enables the identification of different layers inside
the film, e.g., enrichment layers of components and the interface in between for blend
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Figure 4.6
Schematic sketch of a XRR setup. Monochromatic X-rays (q⃗i) are generated by a Cu-Kα
anode and impinge the sample surface under the angle αi. The specular reflected beam (q⃗f)
under the angle 2αi (with respect to the incident beam) is recorded by a scintillation detector.
The so-called coupled θ − 2θ, or in this case αi − 2αi, measurement yields the reflected
intensity in dependence on the incident angle, which can be translated to a momentum
transfer with Equation 4.17. The tantalum knife edge prevents over-illumination of the
sample.

systems. Within this thesis XRR is used to investigate the vertical layer composition
of PEDOT:PSS polymeric electrodes.
Figure 4.6 shows a schematic sketch of a typical XRR setup. Monochromatic X-rays

hit the sample surface under a defined angle αi. The specular reflected beam exits
the sample under αi + αf = 2αi with respect to the incident beam. The reflected
intensity is then recorded with a detector as a function of αi. As the photons are
scattered elastically, their energy does not change, i.e. ∣q⃗i∣ = ∣q⃗f∣ and a change in
the momentum q⃗ only depends on a redirection of the photons. Thus, the momentum
transfer from Equation 2.34 simplifies to:

q⃗ = qz =
4 π
λ

sinαi (4.17)

For angles smaller than the critical angle αi < αc total reflection occurs. Once the
increasing incident angle surpasses the critical angle, the beam starts to penetrate the
film. This becomes apparent in an intensity drop in the reflection curve, also known
as critical edge. For higher angles (αi > αc) the beam is split into a reflected and
transmitted part at each interface with a change in refractive index n, according to
Fresnel’s equations (Subsection 2.5.1). Thus, multiple reflections and refractions at
different vertical positions inside the film occur. Superposition of the reflected beams
result the characteristic Kiessig fringes of the reflectivity pattern. From the distance
∆qz between adjacent Kiessig fringes one can determine the film thickness d by:

d ≈
2 π
∆qz

, with ∆qz = ∣qz,1 − qz,2∣ (4.18)
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By dividing the probed film into a hypothetical stack of layers, each of them with
different refractive index, the internal vertical structure of the probed film can be
modeled applying the Paratt algorithm.[141] Thus, a detailed vertical SLD profile can
be obtained, which renders specific enrichment layers and their thickness in the film.
A detailed discussion about XRR on soft-matter thin films is provided by Tolan.[80]

In this thesis, a D8 Advance Diffractometer by Bruker is used. X-rays are
generated with a copper anode and a monochromatic wavelength (Cu-Kα) of λ = 1.54Å
is selected by a Goebel mirror. Before impinging the sample’s surface the incident beam
is collimated with 0.2 mm sized slits. A tantalum knife edge is placed above the point
of incidence to cut down the beam for very small angles. Thus, the illuminated area,
also called footprint of the incident beam, can be controlled to prevent over-shooting
of the sample, i.e. illuminating the sample stage. The exciting beam is collimated
with a second set of slits with size 0.1 mm and 0.05 mm before hitting the detector.
Additionally, the detector is equipped with a rotary absorber to prevent over-saturation
or damaging. The typical scan range is set to 10°. The obtained reflectivity curves are
modeled according to the Paratt algorithm with the software plugin Motofit[142] for
IGOR Pro v6.37 by WaveMetrics.

4.4.2 Time of Flight Neutron Reflectometry (ToF-NR)

Neutron reflectometry (NR) measurements have been performed at the REFSANS
instrument at the Heinz Maier-Leibnitz Zentrum MLZ, Garching, Germany.[143]

The instrument was operated in ToF mode (see Subsection 2.5.4), which means each
single neutron is recorded with its position on the detector and its corresponding
time of flight. Therefore, the time resolution of this instrument is only limited by
the intensity of the scattering signal, which enables kinetic measurements with a time
resolution of <1 min. Considering Equation 4.17, a reflectivity curve can be obtained
by either fixing the wavelength λ of the incident photons/neutrons and varying the
incident angle αi or vice versa. Thus, with the latter, a certain qz-range is covered
without the need of changing the incident angle. This is achieved by a chopper system
that selects neutron pulses with a wavelength band ranging from 2.1Å – 20.0Å.
In this work static and kinetic measurements of PEDOT:PSS thin films have been

performed in Chapter 6. The static states were measured with incident angles of
αi,1 = 0.6° and αi,2 = 2.4° and with acquisition times of 20 min and 100 min, respec-
tively. Afterwards, both recorded reflectivity curves were merged together to cover a
qz-range up to 0.15Å−1. To obtain a good time resolution with reasonable statistics,
the incident angle for the kinetic measurement was set to αi = 0.76°. After the mea-
surement, a 30 s time resolution was achieved by binning the detected single neutrons
and summing up their signal to one reflectivity curve.
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The obtained static and kinetic curves are modeled according to Subsection 4.4.1
using the Igor plugin Motofit.[142] Out of the analysis of the NR data a thickness
change and a SLDN change are extracted independently. The film thickness evolution
is obtained from the total thickness of all modeled polymer layers. The mean film
SLDN is obtained by taking into account the SLDs of each individual layer, which is
weighted regarding to its layer thickness in order to obtain one representative value
for each film. In addition, the thickness change is normalized to the starting value of
the as-prepared films at ambient conditions to obtain the swelling ratio. The water
content Φ(D2O) for the films is calculated according to Equation 2.7 by comparing
the measured SLDN to the ones of the dry polymer film and pure D2O. The resulting
curves are fitted according to a humidity sensitive model introduced by Magerl et
al.[51] The obtained set of equations from Section 2.2 results in an implicit function
that depends on the relative humidity and the relative swelling ratio which both are
time dependent measures. By applying this model, the diffusion time constant τ , the
effective Flory-Huggins interaction parameter χeff , and the fitting parameter B are
obtained (Section 2.2).

4.4.3 Grazing-Incidence Small-Angle X-ray Scattering (GISAXS)

Grazing-incidence small-angle X-ray scattering (GISAXS) describes a scattering tech-
nique to probe the inner film structure of thin films. By varying the sample-to-detector
distance (SDD) of typical 1 m – 5 m, the detectable range of the scattering angles in
vertical (αf) and lateral (ψ) direction is adjustable, which permits to probe length
scales in the range of 1 nm up to 1 µm. GIWAXS in contrast covers the sub-nm range
with SDDs <50 cm and is explained in more detail in Subsection 4.4.4. Compared to
real space imaging techniques such as AFM or SEM, which provide only a snapshot of
a small surface area, GISAXS/GIWAXS measurement techniques have been developed
to probe the inner film structure of thin films with a thickness of typically ≲ 100 nm.
By choosing a small angle under grazing-incidence, the effectively illuminated area on
the sample can reach sizes of a few cm2 and therefore provide high statistical signifi-
cance. In Figure 4.7 a schematic setup of the common GISAXS/GIWAXS techniques
is depicted. The sample is tilted around the ŷ-axis by the incident angle αi, which
typically amounts <1.0°, versus the incoming X-ray beam, that usually defines the
x̂-axis of an orthonormal Cartesian coordinate system. The incoming X-rays with mo-
mentum q⃗i are diffusely scattered and leave the sample with the momentum q⃗f under
the vertical exit angle αf with respect to the sample surface (αi+αf with respect to the
incident beam) and the lateral angle ψ with respect to the specular plane (xz-plane).
The specular plane is spanned under the incoming beam and the sample’s surface
normal. A 2D detector placed at the SDD records the diffusely scattered intensity in
dependence on the scattering angles, which translates to the scattering vector q⃗f .
For incident angles above a material’s specific critical angle (αi > αc) the X-rays
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Figure 4.7
Schematic GISAXS/GIWAXS setup. The X-rays impinge the sample surface under the
incident angle αi and become diffusively scattered. The X-rays leave the sample under the
lateral scattering angle ψ with respect to the yz-plane and the vertical scattering angle
αf with respect to the sample surface. The 2D detector is placed at the SDD where the
scattered X-rays (q⃗f) are eventually detected. Depending on the SDD the setup is either
used for wide angle (small SDD, GIWAXS) or small angle (large SDD, GISAXS) scattering.

penetrate the sample’s surface and induce an evanescent wave in the film which couples
out at the critical edge of the material. The observed pronounced scattering intensity
(located at αf = αc) is the so-called Yoneda peak, which reveals information about the
lateral structure of the corresponding material within the film volume, as explained in
Subsection 2.5.2. By decreasing the incident angle below the critical angle (αi < αc) of
the investigated material, the Yoneda peak moves towards the specular reflection and
eventually joins it. Thus, total reflection occurs and the measurement becomes strongly
surface sensitive. Hence, by adjusting the incident angle, the X-rays penetration depth
can be varied and therefore the sensitivity towards probing the sample volume or
surface can be adjusted. Typically, the incident angle for GISAXS experiments is set
to a larger value than the material specific critical angle (αi > αc,material) such that the
Yoneda peak and the specular reflection are distinguishable. Thereby, the penetrating
X-rays reveal information from the inner film volume and the lateral structure of the
probed material is accessible via horizontal cuts at the Yoneda peak position.
Due to the well defined and fixed incident angle αi and SDD, the detector image can

be mapped to a qy-qz-scattering pattern. Hereby, the momentum transfer q⃗ is given
by the momentum difference of the exiting (αf , ψ) and the incoming beam (αi) and is
calculated according to Equation 2.34. Since the incoming and scattering angles are

88



4

4.4 Structure Investigation in Reciprocal Space

small, it is reasonable to apply a small angle approximation. With the well defined
SDD, the incident angle can be calculated by Equation 4.19

αi =
1
2 arctan (

(yspec − yDB) p
SDD ) , (4.19)

with the y pixel position of the specular reflection (yspec) and the direct beam (yDB) on
the 2D detector and its pixel size p. Further, the lateral (ψ) and vertical (αf) deflection
angles can be determined according to Equation 4.20

(αi + αf
ψ

) =
⎛
⎜⎜⎜⎜⎜⎜⎜
⎝

arctan ((y − yDB) p
SDD )

arctan ((x − xDB) p
SDD )

⎞
⎟⎟⎟⎟⎟⎟⎟
⎠

(4.20)

Further information about the theory behind the GISAXS technique can be found in
Section 2.5.

Data Evaluation
In practice, the SDD is determined with a calibration sample, i.e. fresh silver behenate,
with the aid of the software IGOR Pro v6.37 and the Nika macro package.[144] Fig-
ure 4.8a shows an exemplary GISAXS pattern already mapped to qy-qz-representation.
For smooth films, the highest intensity of such a scattering pattern is originated in the
specular reflection of the incident beam. Thus, it is often covered by a beamstop to
prevent over-saturation of the detector. Its position on the detector is used together
with the direct beam position to determine the exact incident angle αi and the specular
scattering plane. For data analysis so-called vertical (in-plane) and horizontal (out-
of-plane) cuts in qz- and qy-direction are performed, respectively. Data reduction is
performed using the open source software DPDAK v1.3.1[145] or self written Python
scripts. Similar to XRR, the vertical line cuts (Figure 4.8b) exhibit information about
the vertical film structure (Kiessig fringes). Furthermore, the Yoneda peak positions
of the used materials are visible, which are used to calculate the material’s critical
angle and the related average mass density. Thus, e.g., the porosity of metal oxide
films is determined. On the other hand, horizontal line cuts (Figure 4.8c) are typically
performed at the Yoneda peak position and reveal lateral structure information of the
probed film volume. For a quantitative analysis the horizontal line profiles are modeled
using a Python 2.7 script written by Dr. Christoph J. Schaffer.[54] A more detailed
explanation is shown in Subsection 2.5.2. The model is based on a 1D paracrystal in the
framework of the distorted-wave Born approximation (DWBA) with a local monodis-
perse approximation (LMA) and neglects possible correlations between the interfaces
(EIA). A central aspect is the assumed radial isotropy of scattering objects, which are
represented by either spherical or cylindrical shaped form factors. Furthermore, the
mean distances between the scattering objects are represented by the structure factor.
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Figure 4.8
a) Exemplary GISAXS scattering pattern mapped to qy-qz-representation of PEDOT:PSS
thin film. The specular reflection is typically covered by a beam stop to prevent over-
saturation of the detector. From its position the exact incident angle αi can be determined.
Exemplary horizontal line cuts (green) along the Yoneda peak position in qy-direction and
vertical line cuts (red) in qz-direction are shown. b) Corresponding vertical scattering profile
along qz-direction shows the specular reflection, Yoneda peak and sample horizon. c) Cor-
responding horizontal line cut along the Yoneda peak position with marked resolution limit.

Both, radii and distances typically follow a Gaussian distribution around their mean
values. This is especially the case for non highly ordered systems. Within the present
thesis typically two or three structure and form factors are used to model the inten-
sity profiles. For low qy-values (large structure sizes) the resolution is limited by the
instrument and is accounted for with a Lorentzian shaped resolution function. Thus,
structure sizes below the resolution limit (marked with a dashed line in Figure 4.8c)
are not resolvable.

4.4.4 Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS)

Grazing-incidence wide-angle X-ray scattering (GIWAXS) describes a scattering tech-
nique to obtain information about the crystal structure and orientation of crystallites
in thin films. Similar to the GISAXS technique, described in Subsection 4.4.3, the
diffuse scattering intensity is imaged using a 2D detector. However, for GIWAXS a
shorter SDD is required, typically in the range of 10 cm – 50 cm, to cover the larger
scattering angles (Figure 4.7). The incoming X-ray beam is diffusively scattered on
polymer crystallites or agglomerates in the thin film. Thus, intensity maxima un-
der the Bragg-angle θ are observed on the 2D detector. According to Bragg’s law
(Equation 2.39) the scattering angles 2θ refer to a net layer spacing d on a length
scale of a few Å up to a few nm. In order to probe a maximized sample volume and
therefore increase the scattering signal and statistical significance – as mentioned in
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Subsection 4.4.3 for GISAXS – a small angle αi is applied. For materials with critical
angles smaller than those of the used substrate, which is usually the case for polymer
thin films, the incident angle can be set to a value between those. Thus, by setting
αc,sample < αi < αc,substrate, the substrate contribution to the recorded scattering pat-
tern is suppressed while the sample signal is enhanced. This procedure is especially
important for investigations on semi-crystalline polymer thin films coated on amor-
phous substrates such as glass. Otherwise, the amorphous broad glass peak around
q ≈ 1.8Å−1 – 1.9Å−1 may overlay the weak sample signal, e.g., the π-π-stacking signal
at q ≈ 1.8Å−1 arising from PEDOT. Therefore, additional background subtraction is
performed in order to highlight the scattering signals of interest.
Caused by the geometry of GIXS experiments, the substrate-film interface of thin

films yields a loss in symmetry due to an anisotropy of the scattered signal (see Subsec-
tion 2.5.3). In contrast to GISAXS no small angle approximation is retained. There-
fore, the qx-component of the scattering vector q⃗ must not be neglected and q⃗ splits
into a qxz-component in the specular plane and a qxy-component (also referred as qr)
in the sample plane (Figure 4.7). Thus, the bare qz =

√
(q2 − q2

x − q
2
y) component

perpendicular to the sample surface is only accessible for qy = qx = 0. According to
Equation 2.34, this condition is fulfilled for zero lateral divergence (ψf = 0) and spec-
ular reflection (αf = αi). Thus, for diffuse scattering such as GIWAXS, the so-called
missing wedge needs to be taken into account when mapping the 2D scattering pat-
terns to qr-qz-representation. In order to cover the non-detectable region, XRD can be
performed as a complementary measurement technique. Since for XRD the specular
reflection is measured, the condition αi = αf holds and the qz-component is directly
accessible.
For data reduction the Matlab® based software GIXSGUI v1.7.1[105] is used,

which provides a graphical user interface for the GIXSDATA toolbox. The software
package takes into account several corrections such as polarization and geometry cor-
rections as explained in more detail in Subsection 2.5.3. Furthermore, it allows correct
pixel splitting and binning, yielding the typically used reshaped scattering images in
qr-qz- and χ-q-representation style. Furthermore, sector integrals have been applied to
extract intensity profiles along specific q-directions for further analysis. The obtained
intensity profiles are evaluated according to the stacking distance and azimuthal ori-
entation (χ-orientation) of crystallites in the thin films.
In the present thesis the lab system Ganesha 300XL SAXS-WAXS by Saxs-

lab is used for GIWAXS measurements. The instrument is equipped with a cop-
per Kα X-ray source (Xenocs GeniX3D), powered with 49.79 kV and 0.59 mA, which
generates photons exhibiting an energy of 8.047 keV corresponding to a wavelength of
λ = 1.5408Å. Beam collimation is achieved by a three slit system set to 0.4 × 0.4 mm2,
1.0 × 1.0 mm2, and 0.1 × 0.5 mm2 to achieve GIWAXS measurements with a high res-
olution in vertical direction with respect to the sample surface. For alignment purpose
and GISAXS measurements, the slit system is set to 0.4 × 0.4 mm2, 1.0 × 1.0 mm2,
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and 0.1 × 0.1 mm2, respectively. The incident angle αi = 0.2° is set slightly below the
critical angle of glass to penetrate the PEDOT:PSS films and suppress the substrate
contribution. The scattered X-ray photons are recorded with a Pilatus 300k detec-
tor by Dectris, consisting of 619 × 487 px2 with a pixel size of 172 × 172 µm2 and a
thickness of 0.32 mm. The detector is placed in a SDD of 106 mm and is considered
as noise free, due to the employed cooling system. Furthermore, in order to address
anisotropic detector sensitivity, flat-field and dark-field corrections are directly applied
on the measurement server. In order to reduce the background caused by air scatter-
ing, the whole setup – including sample stage and detector – is placed in a vacuum
chamber with a pressure of 1.87 × 10−2 mbar. If not other stated an acquisition time
of 36× 20 min is chosen, resulting in a total measurement time of 12 h of the summed
images.

4.5 Goniophotometer Setup

In the frame of the present thesis functional layers for potential application in OLED
devices are investigated. Hence, the evaluation of the scattering capability of ZnO lay-
ers regarding visible light and the angular dependent emission characteristic of OLED
devices are required. Therefore, an instrument was constructed that renders angular
and wavelength dependent measurements of the scattering and emission characteristics
of thin films and OLEDs, respectively. The setup had to fulfill several requirements:

• Characterization of thin film scattering layers and OLEDs in operation
• Angular and wavelength dependent measurement
• Lifetime experiments
• Automatized measurement
• Lightproof sample environment

In Figure 4.9a the setup for angular dependent measurements is depicted. Figure 4.9b
shows a magnification of the sample stage consisting of sample holder 1 and the light
source 2 . The LED is glued with thermal adhesive on an aluminum plate, which
serves as heat sink and allows sufficient cooling. The sample is placed upright in
front of the LED light source, which is equipped with an aperture in order to adjust
the illuminated area of the sample. The whole sample stage consisting of the sample
holder, LED and aperture can be rotated by the aid of a stepper motor 3 around
the scattering angle ϕ. Therefore, the incident angle of the incoming light is fixed to
90° with respect to the sample surface. The sample stage is designed such that the
rotation axis lies in the surface plane of the investigated sample. The light is then
collected under the angle ϕ by an optical probe 4 and redirected to the spectrometer
via a glass fiber cable. In order to adjust the angular resolution, the distance of the
probe to the rotation axis is adjustable from ∼10 cm – 100 cm along the optical axis
(depicted in yellow). If not other stated a SDD of 37 cm is used. Further, additional
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Figure 4.9
Photograph of the constructed goniometer setup for angular dependent spectroradiometric
measurements of scattering layers and OLEDs. a) Setup for angular resolved measurements
at the angular offset −90° < ϕ < 90° from the optical axis (ϕ = 0°), both depicted in yellow.
The distance between the sample and the optics 4 for collecting the scattered light under
the angle ϕ is movable along the optical axis. b) Top view of goniometer with the sample
stage consisting of sample holder 1 and LED light source with slit 2 . The sample stage is
rotated by the Arduino controlled stepper motor 3 . c) Integrating sphere for measurements
of the hemispherical emission characteristics of OLEDs. The specimens are placed in the
sample holder 5 equipped with 8 + 2 gold coated spring contacts for contacting the eight
pixels and the back electrode. The sample holder is mounted with the attachment 6 at
the integrating sphere opening. The glass fiber cable 7 redirects the collected light to
the spectrometer. An auxiliary halogen light source 8 can be used for correcting the self
absorption of the specimen.
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Table 4.2
Color code of the cables connected to the measurement cell and the corresponding pin
and pixel order. The different OLED pixels 1 – 8 can be selected by a rotary switch for
individual pixel measurement. Pin 9 and 10 are connected to the counter electrode of the
OLED device.

4 3 2 1

5 6 7 8

910

4 3 2 1

5 6 7 8

910

pin # pixel # cable color

1 1 brown
2 2 white
3 3 red
4 4 blue
5 5 pink
6 6 grey
7 7 yellow
8 8 green
9 CE purple
10 black

apertures may be added along the optical axis to minimize secondary scattering effects.
In order to prevent ambient light and increased light scattering effects at the setup
and housing during measurements, the whole sample environment is placed in a black
coated, light-tight PVC box, while all electrical and optical cables are directed through
cable bushings to the measurement instruments outside of the measurement chamber.
In order to measure OLED devices, the sample holder can be exchanged with a

measurement cell 5 designed by Dr. Johannes Schlipf,[101] that allows to contact
each of the eight pixels on lab scaled OLED devices for individual measurement. The
pixels are selected by an additional rotary switch and the whole cell can be set to a
specific temperature via a water cycle through the cell housing (not used in this thesis).
Therefore, the angular dependent emission characteristic of OLEDs can be measured.
The pixel assignment to the pins of the measurement cell including the related color
code of the connected wires is listed in Table 4.2. For voltage current characterization
and degradation measurements of the investigated OLEDs a Keithley 2614B source
meter by Tektronix is employed.
In the present thesis, the total emission of the produced OLED devices is of particular

interest. In order to collect the total emitted light of a specimen, an integrating sphere
is required. In Figure 4.9c the second part of the setup is depicted, which consists
of a so-called Ulbricht sphere as optical probe. The measurement cell 5 is mounted
in a housing 6 in front of the integrating sphere, which permits the detection of the
total hemispherical emission of the OLED. The collected light is further redirected
via an optical cable 7 to the spectrometer. Additionally, the integrating sphere is
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Figure 4.10
Emission spectrum of the LED mounted as
white light source in the Goniometer setup.
The emission peaks of the emitting material
and the phosphor are clearly visible at 449 nm
and 608 nm, respectively. The whole spectrum
covers the most important regions for OLED
devices which are the supposed field of applica-
tion for the investigated scattering layers. The
emission spectrum is normalized to its peak
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[nm]
0.0

0.2

0.4

0.6

0.8

1.0

1.2

no
rm

.I
nt

.

449

608

equipped with an auxiliary halogen light source 8 in order to take self absorption of
the investigated specimen into account.
The spectrometer and both of the optical probes are purchased and calibrated from

Instrument Systems, Munich in order to be capable to measure absolute values of
the radiant flux. For the angular resolved measurements the scattered/emitted light is
collected by an EOP-120 optical probe with a ∅ 25.4 mm entry window and a spectral
range of 190 nm – 1350 nm. The integrating sphere used for total emission measure-
ments is of type ISP-150L-250 with a ∅ 35 mm opening and a potential spectral range
of 380 nm – 1600 nm. To measure the collected light in wavelength dependency, a CAS
140CT-154 array spectrometer with a spectral range of 220 nm – 1020 nm and a spec-
tral resolution of 3.8 nm (100 µm slit) is used. The spectrometer is equipped with a set
of different absorbers in order to enable measurements of a wide range of intensities. A
1024 × 128 px2 CCD sensor is used as array detector, which is cooled down to −10 ◦C
via Peltier elements in order to reduce measurement noise. Communication with the
measurement computer is provided via an USB port.
As light source for characterizing scattering layers a warm white LED of type

XLamp® XM-L2 T2 by Cree®, Inc. with a luminous flux of ∼380 lm (@1.4 A)
is used. The LED is powered by a constant current source KSQ1400 (1400 m A)
that allows adjusting the intensity of the LED by PWM. Both devices are purchased
from Lumitronix® and are glued with thermal adhesive on aluminum heat sinks to
encounter thermal dissipation. The normalized emission spectrum of the LED is de-
picted in Figure 4.10, showing a sharp peak at ∼449 nm for the emitting material and
a broad peak around 608 nm for the phosphor that is responsible for the warm white
color. Therefore, its emission spectrum is suitable to characterize scattering layers for
application in OLEDs.
The scattering/emission angle dependent measurements require for a motorized

movement of the sample stage mounted on top of the goniometer. Therefore, a step-
per motor QSH 4218 with 200 steps/rotation is connected to the goniometer stage
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and allows precise rotation of the sample. The stepper motor is powered by a DMOS
microstepping driver A4988. The correct rotation of the goniometer and the LED
light source is controlled by an Arduino Nano based controller, which takes care of
the power supply, the adjustment of the stepper motor and the LED including their
corresponding drivers. The electrical circuit diagram and the corresponding board of
the controller is depicted in Figure 4.11. The controller including its connected devices
require a power supply of 12 V and >1.2 A.
In order to perform automatized measurements, a software was written in Python

2.7 including a graphical user interface based on PyQt 4. The program enables IV -
characterization of OLEDs by sweeping a voltage and measuring the current density
through the device, as well as for lifetime experiments by applying a constant voltage
or current and measuring the opposed one. Simultaneously, the OLED emission can
be characterized regarding its total amount or its angular characteristics by using
the integrating sphere or the Arduino Nano based goniometer, respectively. By
replacing the OLED sample holder with the normal sample stage equipped with the
LED light source (Figure 4.9a,b), the angular dependent scattering of thin films can
be measured. The main advantage of this setup is the capability of fast automatized
characterization of the specimen’s spectral and angular emission/scattering behavior
simultaneously.
It is noteworthy to mention that for measurements the setup needs typically to

be calibrated regarding the scattering angle ϕ. Therefore, an empty angular scan is
performed without any sample to set the angle of the highest measured intensity to
ϕ = 0°. This angle corresponds to the detection of the direct transmitted/scattered
light parallel to the sample’s surface normal.
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Figure 4.11
Electrical circuit diagram of the goniometer controller consisting of an Arduino Nano
microcontroller 1 , a stepper driver 2 for moving the sample stage, and a LED driver 3
to power the connected light source 4 . A power supply for a cooling fan is provided at
5 and a capacitor 6 is used to stabilize the input power and protect the electronics from
voltage peaks. The corresponding board layout 7 is provided in the bottom left.
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CHAPTER5
Hierarchically Structured ZnO
Scattering Layers

The present chapter tackles the question how the efficiency of OLEDs can be enhanced
with the implementation of scattering layers. Therefore, the need for such scattering
layers in OPV and OLEDs is discussed in Section 5.1. Hence, ZnO thin films are
investigated regarding their scattering behavior in the visible range of light. Hierarchi-
cally structured scattering layers were fabricated via spray deposition from solution.
This is obtained by combining a structure directing diblock copolymer template with
sol-gel chemistry on the basis of the ZnO precursor ZAD. As templating material the
diblock copolymer PS-b-PEO is used, as described in Section 5.2. Since sol-gel chem-
istry typically leads to structures in the nm-range, PS microspheres are added to the
system in order to provide an additional template for larger structures. The size of the
microspheres is chosen to be 500 nm in order to be in the range of visible light’s wave-
lengths and thus can be used for light scattering in OPV and OLEDs. The influence
of the PS microsphere concentration in the sol-gel preparation step on the final ZnO
morphology and the resulting scattering behavior in the spectral range of visible light
is investigated. Therefore, their spectral response is examined in Section 5.3 regarding
the transmission and reflection behavior with UV-Vis spectroscopy. Furthermore, the
angular resolved scattering behavior is quantified with measurements obtained from
the custom built setup described in Section 4.5. The surface topography is probed in
Section 5.4 via surface sensitive AFM and SEM measurements. In order to examine
the inner film morphology, GISAXS measurements were conducted at the I22 instru-
ment at the Diamond Light Source, UK with the help of Dr. Paul Staniec. The
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obtained results about the inner structure are discussed in Section 5.5. The morpho-
logical changes of the surface and inner film morphology of fabricated ZnO scattering
layers are linked to the PS microsphere concentration during sol-gel preparation. Fi-
nally, ZnO/PEDOT:PSS bilayers were tested in the frame of the Bachelor’s thesis
of Irina Ilicheva[146] and are discussed in Section 5.6 regarding their performance as
transparent polymeric electrodes for application in OLED devices.

5.1 Demand for Scattering Layers

In the recent years, the efficiency and lifetime of OLEDs reached values which ren-
der them suitable for industrial applications. The large variety of available organic
emitters enables OLEDs to cover a wide range of the visible color spectrum. By using
phosphor emitters, the internal quantum efficiency reached values close to the theo-
retically possible maximum of 100 %.[24] As described in detail in Subsection 2.4.3, the
overall efficiency still suffers from the extraction of photons from the device.[68]

Several approaches exist to overcome this drawback, e.g., attaching micro-lenses on
the substrate surface[27] or applying Bragg scattering layers into the device.[147] Both
of them have the disadvantage of high wavelength dependent scattering due to their
high order, which leads to a color shift of the scattered light. A promising approach
to enhance the light outcoupling of OLED devices consists in the implementation of
an additional scattering layer. Such a layer might redirect generated photons and,
thereby, suppress total reflection back into the device. Consequently, substrate modes
can be reduced to reach a higher photon outcoupling efficiency. The integration of
a nanostructured scattering layer consisting of a transparent metal oxide holds high
potential, due to its chemical stability and high refractive index. By matching the
refractive index to the adjacent layers, both, substrate and organic modes might be
suppressed, which would enhance the EQE significantly. The basic idea for such a layer
is represented in Figure 5.1, where the scattering layer is implemented between the sub-
strate and the transparent electrode. In such a case, the commonly used brittle metal
oxides such as ITO and FTO need to be replaced by an electrode with less destructive
deposition techniques. With an optical band gap of ∼3.3 eV and a refractive index of
∼2.0, ZnO is a suitable material for this approach as it reveals high transmittance in
the visible range of light.
In order to tailor the ZnO scattering layer, the structure directing diblock copoly-

mer template PS-b-PEO is combined with sol-gel chemistry. This procedure allows the
fabrication of custom-tailored, nanoporous ZnO layers with tuned overall porosity.[47]

Thereby, the correlated refractive index of the respective layer can be precisely con-
trolled. Thus, the refractive index mismatch of the different functional layers to the
substrate can be adjusted in order to provide a gradient interface that can reduce or-
ganic modes. By introducing microspheres with a larger size as secondary template, an
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Figure 5.1
OLED device with integrated scattering
layer. Without scattering layer (left), light
extraction is limited by total reflection.
With scattering layer (right), generated
photons are redirected in order to suppress
total reflection.

metal electrode
organic layers

transparent electrode

substrate
scattering layer

outcoupled light

additional structure size can be implemented.[148,149] Therefore, a hierarchically porous
structure can be achieved, which allows to introduce additional scattering centers that
match the desired wavelength of interest. By mixing various sized microspheres, the
scattering can be further adjusted in order to cover the emission spectra of white
OLEDs and therefore minimize spectral shifts of the scattered light and provide a high
angular dependent color stability.

5.2 Investigated Samples

A detailed sample preparation for the ZnO scattering layers investigated in the present
chapter is given in Section 3.3. The required sol-gel solution is prepared, according
to Subsection 3.3.1, using the diblock copolymer PS-b-PEO that serves as structure
directing agent. The polymer is dissolved in DMF with a constant concentration of
25 mg mL−1 for all samples. In this case, DMF is used as so-called good solvent, as it
dissolves both blocks of PS-b-PEO equally well. The dissolved polymer is mixed with
the selective solvent H2O and the precursor ZAD. By addition of H2O, the micelle
formation is induced, where the PS block forms the inner core, causing nanopores
in the final film, and the PEO block forms the ZAD enriched shell. To achieve a
porous nanostructure, the mixing ratio is kept constant for all samples by a weight
ratio of wDMF ∶ wH2O ∶ wZAD = 0.92 ∶ 0.01 ∶ 0.07.[47] The obtained parent solution is
split and separately mixed with varying PS microsphere concentrations, ranging from
0 wt.% – 8.45 wt.%. All used concentrations are listed in Table 5.1. A PS microsphere
size of ∅ 500 nm is selected to provide additional scattering centers for visible light.
Since PS is dissolved by DMF, the viscosity of the sol-gel is increased with higher
microsphere concentrations, which might lead to inhomogeneous deposition. Therefore,
the microspheres are added shortly before deposition. Acid cleaned glass slides with a
size of 2.4 × 2.4 cm2 are used as transparent substrates (see page 48). Thin films are
deposited via spray coating at ambient conditions (T = 22.4 ◦C, RH = 23 %), according
to Subsection 3.3.2. High temperature treatment at 400 ◦C is used to finalize the ZnO
scattering layers by extracting the structure giving polymer templates via calcination.
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Table 5.1
PS microsphere concentrations used for fabrication of ZnO scattering layers. Microspheres
are added shortly before deposition into the prepared sol-gel solution. Concentrations are
calculated from relations of the microsphere’s mass (26 mg mL−1) to the solution’s volume†

and the diblock copolymer mass‡.

sample # 1 2 3 4 5 6 7

c [mg mL−1]†
0 0.11 0.23 0.56 1.09 1.61 2.10

c [wt.%]‡ 0 0.46 0.91 2.26 4.41 6.48 8.45

5.3 Optical Properties

As the above introduced ZnO thin films are supposed to serve as scattering layers
in OLED applications, their performance regarding visible light scattering is of high
interest. In Figure 5.2, selected ZnO samples are depicted and compared to a bare
glass substrate. The samples are fabricated with precursor solutions taken at different
stages of the sample preparation routine depicted in Figure 3.7. The diffuse scattering
for the pure ZnO precursor is already visible with bare eyes. Addition of the structure
giving diblock copolymer PS-b-PEO and further addition of PS microspheres leads
to an even more enhanced diffuse scattering, apparent by the blurry letters under-
neath the samples in Figure 5.2. For a more detailed analysis, the scattering layers are
characterized regarding their scattering ability of visible light. For this purpose, the
present section covers the transmittance, reflectance and angular dependent scattering
characteristic of the investigated samples in Subsection 5.3.1 and Subsection 5.3.2, re-
spectively. The data is obtained by employing UV-Vis spectroscopy and a custom built
angular dependent scattering setup, as described in Subsection 4.1.1 and Section 4.5,
respectively.

5.3.1 UV-Vis

The ZnO thin films were characterized with different setups of UV-Vis spectroscopy.
As depicted in Figure 4.1, the two used instruments allow measuring of the direct and
the total amount of reflectance R and transmittance T of thin films. By comparing
the results of all measurements one can draw conclusions about the diffuse scattering
behavior and the amount of forward directed light.
In Figure 5.3 the transmittance of the as-prepared samples (marked with U) are de-

picted and compared to a bare glass substrate and an exemplary calcined ZnO sample.
All of the uncalcined samples reveal an almost identical transmittance, independent on
the used PS microsphere concentration. Their transmission is almost as good as the
used glass substrate, which dominates the transmittance and the beginning absorp-
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Figure 5.2
Photograph of selected ZnO scattering layers. Films are fabricated from casting solutions
taken at different stages of the sample preparation procedure depicted in Figure 3.7, as
indicated in the subtitle of each column. Application of pure ZAD precursor leads already
to diffuse scattering compared to the bare glass substrate. Addition of the block copoly-
mer PS-b-PEO and further addition of PS microspheres yields enhanced diffuse scattering,
indicated by blurry letters underneath the samples.

Figure 5.3
Transmittance of as-prepared ZnO layers, measured
with an integrating sphere. Uncalcined films (U) con-
sist of deposited PS-b-PEO with incorporated ZAD
precursor and embedded PS microspheres. Transmit-
tance is just slightly reduced for as-prepared films and
independent on microsphere concentration. Absorp-
tion edge is dominated by absorption of glass sub-
strate (dashed grey). Exemplary calcined film (solid
line) shows clearly the absorption edge for ZnO, in-
dicating crystallization.
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tion around 310 nm. After calcination at 400 ◦C, the templating diblock copolymer
together with the introduced PS microspheres are removed by combustion and the
provided heat leads to transition of the ZAD precursor to ZnO crystallites. Thus, the
final ZnO scattering layers are formed. The crystallization becomes clearly visible in
the shift of the absorption edge towards ∼380 nm, corresponding to the ZnO band gap
of ∼3.3 eV.[115,116]

In Figure 5.4, the optical response of all calcined samples is depicted. The di-
rect transmittance (Figure 5.4a) shows a clear wavelength dependency with decreasing
transmission for smaller wavelengths down to full absorption at the band gap energy of
ZnO. Furthermore, the transmittance is continuously reduced for increasing PS micro-
sphere concentrations. The direct reflectance (Figure 5.4d) draws a similar picture re-
garding wavelength dependency and reduced reflectance for increased PS microsphere
concentrations. As the reflectance was measured according to Subsection 4.1.1 with
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Figure 5.4
UV-Vis spectra of calcined ZnO scattering layers measured according to Subsection 4.1.1.
Scattering layers are fabricated with different amounts of PS microspheres ranging from
0 wt.% – 8.45 wt.%. Direct transmittance (a) and reflectance (d) decreases with increasing
concentration. The total transmittance (b) decreases slightly, while the total reflectance (e)
is increased. c) The resulting transmission haze, calculated from a) and b), increases with
PS microsphere concentration. f) The integral from 280 nm – 820 nm of the sum of total
reflectance and transmittance It (black) shows no significant increase in absorbance, while
the ratio If (green) of forward scattered/transmitted light to the total amount reveals a
small drop to ∼80 %, indicating increased reflectance.

an incident angle of αi = 45°, it serves additionally as a measure for the specular gloss
of the examined samples. Consequently, due to the very low direct reflectance/gloss, a
high surface roughness can be concluded for all samples. In order to exclude absorption
effects, the total transmittance and reflectance is further measured for all samples using
an integrating sphere. The obtained results are depicted in Figure 5.4b,e, respectively.
The total diffuse transmittance is almost constant for all samples, showing only a small
reduction for increasing microsphere concentrations in the larger wavelength region.
Overall, the total transmittance is considered as constant. Taking into account the re-
duced direct transmittance, it becomes obvious that the diffuse scattering is enhanced
for increasing microsphere concentrations. This is in accordance to the measured dif-
fuse reflectance, which is enhanced for increased microsphere concentrations as well.
This strong increase can partly be related to the measurement setup itself. As depicted
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in Figure 4.1, the measurement setup for diffuse reflectance requires an opening in the
integrating sphere for the incoming beam. The incident light is impinging the sample
anti-parallel to its surface normal. Therefore, directly reflected light might leave the
integrating sphere through the same opening and is not detected by the instrument,
while an enhanced diffuse scattering reduces the amount of such reflected light, which
increases the overall detectable intensity. However, as the direct reflectance depicted
in Figure 5.4d is very low, the above described relation has only a small contribution
to the diffuse reflectance. Consequently, the diffuse reflectance is enhanced while the
direct one is reduced, which is a further indication for enhanced diffuse scattering with
increasing microsphere concentration.
To evaluate the amount of enhanced scattering further, the wavelength depen-

dent transmission haze is calculated from the measured diffuse and direct transmit-
tance. The haze value is defined as the ratio of diffuse transmittance to the total
transmittance[150] and therefore is calculated according to

Haze = Tdiffuse − Tdirect
Tdiffuse

, (5.1)

where Tdirect is the measured direct transmittance of the sample and Tdiffuse is the
total transmittance obtained via an integrating sphere measurement, both depicted in
Figure 5.4a,b, respectively. The calculated haze is depicted in Figure 5.4c and shows
a strong increase in the large wavelength region, which is in accordance to the reduced
gloss and direct transmittance. Hence, the implementation of PS microspheres leads
to haze values of up to 0.82 (λ = 550 nm) and 0.72 (λ = 800 nm) for the highest
microsphere concentration. Thus, the diffuse scattering is clearly enhanced.
In order to quantify the obtained results further, the total intensity It of the trans-

mitted and reflected light as well as the fraction of the transmitted to the total intensity
If is calculated by

It =

820 nm

∫
280 nm

T (λ) +R(λ) dλ
⎛
⎜⎜
⎝

820 nm

∫
280 nm

dλ
⎞
⎟⎟
⎠

−1

, (5.2)

If =

820 nm

∫
280 nm

T (λ) dλ
⎛
⎜⎜
⎝

820 nm

∫
280 nm

T (λ) +R(λ) dλ
⎞
⎟⎟
⎠

−1

, (5.3)

with T and R being the total measured transmittance and reflectance, respectively.
The results of the total intensity It and its amount of forward transmitted light If
are depicted in Figure 5.4f. The total intensity shows an almost constant behavior for
increasing microsphere concentrations, proving no change in the overall absorption.
The amount of forward directed scattering If is slightly reduced for increasing concen-
trations, indicating a slightly increased diffuse back scattering of the incident light,
which is in accordance to the total reflectance measurements (Figure 5.4e). However,
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the available data suggest a strongly enhanced diffuse scattering for visible light, which
can be beneficial for the light outcoupling in OLED devices. The slight increase for
high concentrations might be related to the increased viscosity of the sprayed sol-gel
solution which resulted in inhomogeneities on the film. In order to investigate the
scattering of the visible light in more detail, angular dependent measurements are
evaluated in the following section.

5.3.2 Angle Resolved Light Scattering

UV-Vis spectroscopy employed with an integrating sphere is not capable to resolve
the angular scattering in more detail. Thus, a custom built setup is used in order to
characterize the angular dependent transmittance through a thin film as introduced
in Section 4.5. Thereby, a white LED light source is used to illuminate the scattering
layers and detect the angle resolved scattering intensity after passing through the
sample. For this purpose, the incident angle of the incoming light is kept anti-parallel
to the surface normal and the whole sample stage (sample including light source) is
rotated around the scattering angle ϕ.
Hence, the angle ϕ is scanned from −30° – 30° in 1° steps and the transmitted spec-

tral irradiance under the given angle is detected. The obtained 1D spectra are linked
to the scattering angle and stitched together in order to create a 2D scattering pattern
that represents the wavelength and angular dependent scattering of the investigated
samples. The obtained results are depicted in Figure 5.5, where the diffuse scattering
patterns of ZnO films, fabricated with PS microsphere concentrations ranging from
0 wt.% – 8.45 wt.% (Figure 5.5c-i), are given. The empty beam measurement and the
scattering pattern of a bare glass substrate are shown in Figure 5.5a,b, respectively.
For the sake of comparability, the measured irradiance for all samples is normalized to
the maximum intensity of the empty beam measurement. The visible pattern for the
empty beam is mainly dominated by the used light source, whose emission spectrum
is given in Figure 4.10, showing emission peaks around 449 nm and 608 nm. Further-
more, the beam widening and the detector dimensions yield a naturally broad pattern
of around ∼8° width for the empty beam (Figure 5.5a). The glass substrate itself,
depicted in Figure 5.5b, does not alter the scattering pattern significantly. The appli-
cation of a ZnO scattering layer in Figure 5.5c has two main effects. Firstly, the peak
intensity drops, which is in accordance to the earlier discussed UV-Vis study of the di-
rect transmittance. Secondly, a clearly enhanced diffuse scattering is apparent, visible
by the intensity signal for higher scattering angles ϕ of up to 30° and beyond. Further
addition of PS microspheres seems to intensify this effect. Scattering depends highly
on the size and shape of the scattering objects in relation to the scattered wavelength.
However, the obtained 2D scattering patterns reveal no clear change in the wavelength
dependent scattering, as no wavelength shift along the ϕ-axis is observable. Therefore,
the scattering layers create a weak wavelength dependency with a high color stability
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Figure 5.5
Angular and wavelength dependent scattering of ZnO thin films performed with the setup
described in Section 4.5. The spectral irradiance is normalized to the highest intensity of
the empty beam. Measurement of empty beam a) and glass substrate b) serve as reference.
Amount of diffuse scattering for higher angles ϕ is enhanced for ZnO scattering layers with
increasing PS microsphere concentrations ranging from 0 wt.% – 8.45 wt.% in c-i).

in the visible range of light, which will be especially beneficial for scattering of white
light.
In order to analyze the angular dependent scattering in more detail, the 2D patterns

are integrated along the wavelength range of 400 nm – 850 nm to obtain an angular
dependent scattering curve of the total irradiance Ee (ϕ). The resulting spectra are
obtained from the non-normalized spectral irradiance Ee (ϕ, λ) in order to distinguish
the total transmitted amount of light. The drop in the peak intensity compared to
the bare glass substrate is clearly visible in Figure 5.6a for the application of a ZnO
layer and is mainly related to the increased reflectance, as seen in Subsection 5.3.1.
In addition, the sides of the scattering curve shift to larger angles, which is visible for
the normalized irradiance depicted in Figure 5.6b and further shows enhanced diffuse
scattering. Consequently, the implementation of PS microspheres leads to an enhanced
peak widening with slightly decreased peak intensity. Hence, a beneficial effect of the
addition of PS microspheres becomes more apparent.
In order to quantify the changes of the peak width depending on the used PS micro-

sphere concentrations, the scattering curves are further analyzed: the total scattering
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Figure 5.6
Evaluation of goniometer measurements on ZnO scattering layers with varied PS microsphere
concentrations. a) Angular dependent irradiance Ee obtained from the spectral irradiance
(Figure 5.5) integrated along the wavelength range 400 nm – 850 nm. b) Normalized irradi-
ance Ee. Empty beam (dotted grey) and glass substrate (dashed grey) measurements serve
as reference for the ZnO layers. Decreased height and increased width indicates peak spread-
ing for increasing PS microsphere concentrations of 0 wt.% – 8.45 wt.% (blue to pink).

intensity is obtained by integrating the irradiance Ee over all scattering angles and
normalizing to the empty beam intensity. The results in Figure 5.7 show a reduced
intensity for the glass substrate and a large drop for ZnO scattering layers. Both
decreases are mainly related to the corresponding reflectance in the given region of
400 nm – 850 nm of ∼8 % for glass and up to ∼30 % for the ZnO scattering layers.
Thus, the large drop in intensity compared to the reference glass measurement can
be explained with the increased reflectance of the scattering layers as depicted in Fig-
ure 5.4e. Here, one should note, the measurement setup geometry only covers the
scattering on a semicircular arc behind the sample. Consequently, only a spherical
segment of the full hemispherical scattering is detectable. Thus, the detected total
intensity is underestimated and the intensity drop is overestimated for enhanced scat-
tering. This drawback is canceled out by the previously discussed UV-Vis study, which
shows for the different treatments an almost constant total transmitted intensity above
80 %. A more representative peak characteristic is given by the FWHM and the inte-
gral breadth, which allow a quantitative measure of the peak spreading and therefore
the increased diffuse scattering ability. The obtained results are depicted as well in
Figure 5.7 and marked with guides to the eye, which show a similar increase for both.
The FWHM is rising from (7.4 ± 0.2)° for the empty beam to (8.5 ± 0.1)°, showing
a clear peak widening. As the FWHM highly depends on the peak shape, the inte-
gral breadth is a more reliable measure for peak spreading. The integral breadth is
increasing from 0.11 ± 0.01 for the empty beam to 0.18 ± 0.01 for the highest micro-
sphere concentration, which corresponds to an enhancement of about 61 %. Thus, the
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Figure 5.7
Evaluation of angular dependent scattering extracted from Figure 5.6. The total irradiance
(red) in dependence on the PS microsphere concentration is obtained by integration along
the scattering angle ϕ and is normalized to the empty beam measurement. The large drop
in the total transmitted intensity is followed by a slight decrease for the ZnO samples. The
first drop is related to the enhanced reflectance compared to glass (see Figure 5.4e), the
second one is related to the increased PS microsphere concentration. FWHM (blue) and
integral breadth (green) of the corresponding peaks are increased, verifying peak spreading.
The colored dashed lines serve as guide to the eye. The grey dashed line separates the
reference measurements of empty beam and glass substrate (left) from the ZnO scattering
layers (right).

obtained results are in agreement with the previously discussed UV-Vis study. From
the given data it is evident that the application of ZnO layers, commonly prepared
with a structure directing diblock copolymer, already leads to a clear peak spreading
and therefore enhanced diffuse scattering abilities. The application of additionally im-
plemented PS microspheres is capable to enhance this scattering ability even further,
which makes thin films fabricated in such a way to an ideal candidate for scattering
layers.

5.4 Surface Morphology

In order to fathom the origin of the enhanced diffuse scattering for ZnO thin films
fabricated with a diblock copolymer and PS microsphere additive the surface structure
of those films is examined employing different scanning probe techniques. Therefore,
surface profilometry, AFM and SEMmeasurements were performed in order to examine
the film thickness, roughness and surface morphology.
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5.4.1 Surface Roughness

To determine the film’s thickness, surface profilometry was performed with a Dek-
takXT instrument according to Subsection 4.3.2. Therefore, the sample’s surface is
scratched down to the substrate and a profile scan is performed across the scratches
on several spots per sample. From the resulting profiles, the average step height and
surface roughness is extracted in order to obtain the mean film thickness d and the root
mean square (rms) surface roughness Pq with their corresponding standard deviation,
respectively. The results in dependence on the used PS microsphere concentrations are
depicted in Figure 5.8. The average film thickness shows values around 1.0 µm – 1.5 µm
with a slight decrease for medium microsphere concentrations (Figure 5.8a). All sam-
ples show a film thickness that is large enough to fully cover the implemented PS
microspheres of 500 nm in diameter. Thus, the microspheres are likely embedded into
the ZnO films and create a hierarchical structure with additional scattering centers in
the large nanometer sized region. The large deviation of the film thickness is presum-
ably related to the high surface roughness, already indicated by the former UV-Vis
study in Section 5.3 and proven by the rms surface roughness Pq, depicted in Fig-
ure 5.8b. A mean roughness of ∼0.4 µm with a large deviation is observed for all
samples. The variation in thickness and its deviation might be related to the spray-
ing process itself and the finalizing calcination step. Together, this could lead to a
rough and inhomogeneous surface. In general, spray deposition causes rougher films
as compared to spin coating. Nevertheless, the films fabricated with PS microsphere
templates, though of similar roughness as the reference spray sample, show enhanced
diffuse scattering.
In order to improve the statistics of the surface roughness measurement and get

an impression about the surface morphology, AFM measurements were performed
according to Subsection 4.3.3. The obtained micrographs cover an area of 40 × 40 µm2

and are depicted in Figure 5.9a-g. For a better comparability, the limits of the height
information are fixed to 0 µm and 5 µm for all images. All samples reveal a differently
pronounced surface structure, dominated by randomly oriented wrinkles with varying
size and elongation. The appearance of such wrinkles was observed earlier and is typical
for ZnO films fabricated via a sol-gel approach.[151,152] The formation of this structure
is related to a slow evaporation time of residual solvent, which provides mobility to the
gel particles and leads to a reorganization and piling up during drying.[153,154] Hence,
the rather low annealing temperature of 80 ◦C of the heating plate during wet spray
deposition together with the slow heating ramp of 6.25 ◦C min−1 during calcination
leads to the observed wrinkles. Thus, faster heating up during calcination should
result in smoother films. Additionally, such a structure can be easily obtained for
thick films.[39] However, the obtained structure sizes of the wrinkles are typically in
the range of 50 nm – 200 nm with distances of 500 nm – 1000 nm and therefore are
referred to as nano-ridges.[151,152,155–157] In contrast, in the present case, the structure
sizes are in the range of a few µm with distances of tens of µm and thus are about 10
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Figure 5.8
a) Average film thickness d and b) average root mean
square roughness Pq of ZnO thin films. Measure-
ments were performed at various positions on the
samples and averaged in order to obtain a mean value
and the standard deviation of d and Pq. The average
film thickness of ∼1.2 µm (dashed line) is sufficient
to bury microspheres of 0.5 µm size. The large devi-
ation for both values is originated in a high surface
roughness.
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times larger as the typically obtained structures. Therefore, much larger length scales
of such wrinkles can be obtained with the use of a diblock copolymer, revealing an
enhanced hierarchical structure in the µm-range. On one hand, no clear correlation of
the microsphere concentration to the surface structure is observed. On the other hand,
the implementation of PS microspheres provides an additional amount of homopolymer
to the diblock copolymer and therefore dissolution of the PS might alter the final
structure. Furthermore, the scattering of visible light indicates a structural change in
the thin films with dependence on the microsphere concentration. For all cases, the
random surface structure is in accordance to the high surface roughness determined
by profilometry measurements, which reveals a strongly enhanced interfacial area and
additionally also contributes to the diffuse light scattering.[151]

In order to quantify the surface structure further, data reduction in combination with
a statistical evaluation is performed. For this purpose, the mean height ⟨z⟩ is extracted
for all samples from the micrographs and plotted together with the rms roughness as
deviation in Figure 5.9h. The mean height is located in the same region as the average
film thickness, indicating a large influence of the peak height, corresponding to the
wrinkled structure. Therefore, the surface morphology and the average film thickness
is dominated by the formation of wrinkles with peak to valley differences of up to 5 µm.
The rms roughness Pq is calculated for each line of the micrographs. The final

roughness with its deviation is then calculated by the mean value and standard devi-
ation of all lines and is depicted in Figure 5.9i. Here, the 0.91 wt.% sample shows an
outlier position, which might be related to surface inhomogeneities caused by spraying
of the viscous sol-gel solution. For all samples, a large surface roughness is determined
ranging from 0.5 µm – 1 µm, which shows comparable values to the ones obtained from
surface profilometry measurements, depicted in Figure 5.8b. Therefore, a macroscopic
rough surface with heights and valleys is obtained, resulting in highly hierarchically
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Figure 5.9
a-g) AFM micrographs of ZnO scattering layers fabricated with varying PS microsphere
concentrations ranging from 0 wt.% – 8.45 wt.%. Typical randomly wrinkled structures are
visible for all samples. A high surface roughness with a mean height of ∼1.7 µm and a
maximum peak height of up to 5 µm is obtained for all samples, leading to large diffuse
scattering. h) Extracted mean height value ⟨z⟩ and rms roughness deviation of the corre-
sponding AFM measurements. i) Rms roughness Pq extracted from AFM micrographs. The
depicted deviation of Pq is calculated from the standard deviation of each scanned line.

structured samples. All samples reveal a large surface roughness in combination with
a randomly wrinkled structure. Overall, the implementation of PS microspheres has
low correlation to the surface roughness but shows an increased light scattering ability.
Consequently, a morphological change in the thin film is reasonable. It is noteworthy
to mention that the addition of PS microspheres into the sol-gel leads to partial dis-
solving of the PS that results in an increased viscosity for higher concentrations. This
leads to a reduced flow rate during spray deposition, which requires steady control
of the process. Therefore, the obtained wrinkled structure and surface roughness is
probably also altered by the fabrication process itself and the resulting film formation.
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Figure 5.10
Exemplary SEM images of (un)calcined spray deposited ZnO thin films. a) Uncalcined
samples revealing spray droplets with ∅∼20 µm. b) Zoom in of uncalcined sample shows
an embedded PS microsphere of ∅ 500 nm (red dashed circle). The templating effect of
the used PS-b-PEO diblock copolymer towards porous ZnO is clearly visible. Dark spots
represent the non-polar PS block, while bright spots represent the ZAD enriched PEO block.
c) The combusted PS microspheres lead to additional large pores in the final calcined ZnO
layer. The small porous structure originates from the removed PS-b-PEO template.

5.4.2 Surface Structure

As surface profilometry and AFM measurements suggest a randomly macroscopic
structured surface with high roughness, SEM measurements with various magnifica-
tions were performed on the samples in order to evaluate the surface morphology
further. To check the influence of the spray deposition itself on the surface mor-
phology, uncalcined samples were additionally investigated with SEM. An exemplary
measurement of an uncalcined sample is given in Figure 5.10a, showing the typical
formation of spray droplets on the sample’s surface. The size of such droplets vary for
the used spray settings around 20 µm and is an additional reason for the macroscopic
surface roughness. However, the size of those droplets is too large to contribute to
the wrinkled surface structure, which is in the range of a few µm and is mainly domi-
nated by the evaporation kinetics of the residual solvent and the subsequent calcination
process.[151,153,154]

As described in more detail in Section 5.3, the influence of the microsphere concen-
trations on the visible light scattering is evident. However, the appearance of hollow
spheres created by the removal of the PS microspheres is not proven yet. In Fig-
ure 5.10b, a well embedded PS microsphere is observed for an increased magnification.
The visible microsphere maintains a size of ∼500 nm and therefore is not significantly
dissolved by the solvent DMF. As the microspheres are nicely embedded into the struc-
tured PS-b-PEO/ZAD mixture and the film thickness is sufficient, additional buried
microspheres are reasonably assumed inside the film. The resulting pores of such com-
busted buried microspheres contribute to the scattering of visible light, as seen in the
UV-Vis and goniometer measurements in Section 5.3. For an approximately homoge-
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Figure 5.11
SEM images with corresponding 2D FFT (inset) of calcined ZnO thin films fabricated with
different amount of PS microspheres additive. Increasing microsphere concentration leads
to a wrinkled structure in the µm-range (top row), while the nanostructures are changing
towards spherical shape leading to a densification at the surface (bottom row). A hierarchical
structure is obtained for increased microsphere concentrations, while a porous structure is
maintained for all samples.

neous topography and as explained in Subsection 4.3.4, bright spots in SEM images
are correlated to a high electron density, originated in a large amount of ZAD/ZnO.
Dark spots on the other hand, are correlated to a low electron density and therefore
are linked in the present case to a polymer rich phase. Hence, dark spots are assigned
to the PS-block, whereas bright spots are allocated to the ZAD enriched PEO block of
the used diblock copolymer. The micelle formation during sample preparation leads
to the nanostructured porous-like surface of the uncalcined films with ∼10 nm pore
size, as depicted in Figure 5.10b. An exemplary sample after calcination is depicted
in Figure 5.10c, showing a maintained porous nanostructure with an additional large
hole inside. The depicted large hole with size of ∼500 nm proves the successful removal
of the implemented PS microspheres, introducing an additional structure size into the
final thin films. Thus, besides the increase of the surface roughness achieved with spray
coating and the wrinkled structure formation, the PS microspheres provide a further
templating.
In Figure 5.11, selected SEM images of calcined ZnO scattering layers fabricated
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with increasing PS microsphere concentrations are depicted with magnifications of
1 × 103 and 80 × 103. The insets show the corresponding FFT of the image. The
scattering layer fabricated without additional PS microspheres show a rather homoge-
neous macroscopic surface. With the addition of PS microspheres, the earlier observed
wrinkled structure gets intensified, which is consistent to the AFM measurements.
However, further increase of the microsphere concentration has low impact on the
randomly wrinkled structure, as seen in Figure 5.11a-c. Taking a look to the high
magnified images, depicted in Figure 5.11d-g, the reference sample with no micro-
sphere additive reveals a plate-like porous nanostructure. With increased microsphere
concentration, the nanostructure changes to more round shaped spherical-like par-
ticles with a slight densification at the surface. This might be related to a slower
drying/calcination time[158] for increased microsphere concentrations, which is in ac-
cordance to the seemingly intensified wrinkled structure.
In order to quantify the morphological changes at the surface, the radial power spec-

tral density (RPSD) was calculated for all samples, using the software Gwyddion
v2.45.[140] The RPSDs for large and small structures were extracted from SEM images
with 1 × 103 and 80 × 103 magnifications, respectively and are depicted in Figure 5.12.
The reference sample without PS microsphere additive shows a small peak around
q ≈ 13 × 10−3 nm−1 in the RPSD for large structures (Figure 5.12a), corresponding
to a comparable homogeneous surface with a dominating structure size of ∼480 nm,
as depicted in Figure 5.11a. For small microsphere concentrations, more prominent
peaks arise around q ≈ 6 × 10−3 nm−1 and 20 × 10−3 nm−1, corresponding to a structure
size of ∼1 µm and 300 nm. The occurrence of these peaks is related to the wrinkled
surface structure and reflects their average size, as already shown in AFM and SEM
images. The addition of PS microspheres during the sample fabrication supports the
formation of this typical ZnO structure. With increasing microsphere concentrations
the peaks become more pronounced and shift apart to around q ≈ 4 × 10−3 nm−1 and
24 × 10−3 nm−1, corresponding to a structure size of ∼1.5 µm and 260 nm. Further-
more, the more pronounced peaks indicate a higher order within the size and spatial
distribution of the wrinkles, as depicted in Figure 5.11c. Hence, the evolution of the
surface structure shows a dependency of the PS microspheres on the wrinkle formation,
which was not clearly seen in AFM and SEM micrographs and might be related to a
surplus of PS homopolymer in the sol-gel.
The RPSD corresponding to smaller structures, depicted in Figure 5.12b, draws a

different picture. A peak around ∼0.28 nm−1 and a poorly defined shoulder around
∼1.6 nm−1 are visible for the 0 wt.% sample, corresponding to the average structure
size of the porous surface, depicted in Figure 5.11d. With increasing microsphere
concentrations, the peak shifts to larger q-values to around ∼0.7 nm−1, overlaying the
signal of the shoulder and indicating a reduced surface structure from ∼22 nm to ∼9 nm.
The almost constant q-value of the shoulder corresponds to a roughly constant size of
∼4 nm, which is related to an additional small surface structure. As the shoulder is
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Figure 5.12
RPSD extracted from SEM images of ZnO scattering layers with 1 × 103 (a) and
80 × 103 (b) magnification (see Figure 5.11). a) For large structures, the 0 wt.% sam-
ple shows a small peak around ∼13 × 10−3 nm−1 which splits up into two peaks around
∼4 × 10−3 nm−1 and 24 × 10−3 nm−1, corresponding to the wrinkled structure. b) Smaller
structures reveal a peak around 0.28 nm−1 which shifts towards a low pronounced shoulder
at almost constant q ≈ 1.6 nm−1, indicating a densification of the surface structure. Note
that the curves are shifted in intensity for better representation.

not distinguishable anymore from the main peak, one dominating surface structure
in the nm-range is concluded from SEM measurements and assigned to the average
particle size. The shift of the main peak matches the observation in the SEM images,
where a densification of the surface structure is observed, caused by a reduced average
particle size and distance as depicted in Figure 5.11. Since such wrinkled structures
are obtained via a slow drying and calcination processes, there is enough time for
the film to relax before crystallizing, which results in a denser film.[151,158] Hence, the
presence of the PS microspheres seems to provide additional mobility to the system
during calcination, which leads to a densification of the surface structure caused by
changed drying kinetics.
In summary, the combination of a structure directing diblock copolymer with larger

sized PS microspheres and spray deposition technique leads to a highly hierarchically
structured sample surface. This structure is composed of small and large pore sizes
created by the block copolymer and the microspheres, respectively. Those pores are
embedded in a randomly wrinkled sample surface that creates in addition to the gen-
erally present nm-roughness a high surface roughness in the µm-range. While the first
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one strongly enhances the diffuse light scattering, the latter one is too large to sig-
nificantly contribute to the scattering of visible light, but provides with its randomly
wrinkled structure a large interfacial area. In contrast to the nanostructure, which is
defined by the PS microsphere and block copolymer mixture, the randomly oriented
superstructure in the µm-range is related to a slow drying process during sample fab-
rication and to a slow heating ramp during calcination. By using a diblock copolymer,
much larger structures were obtained compared to the commonly observed nano-ridges
for ZnO films cast from sol-gel solution. Furthermore, the wrinkled structure seems to
be enhanced and homogenized with increasing microsphere concentrations, indicating
an influence on the drying kinetics. Consequently, the presence of the PS microspheres
seem to alter the film relaxation during the drying process.

5.5 Inner Film Morphology

The surface morphology investigations of the previous section show a hierarchical
structure, consisting of small and large pores. Those are originated in the poly-
mer/microsphere template and are embedded in a highly randomly structured surface.
All together, this has a strong influence on the diffuse light scattering. As the above
discussed scanning probe techniques only allow an examination of the sample’s sur-
face, the question arise how the inner film morphology changes upon PS microsphere
addition. In order to probe the structure changes in the film, X-ray measurements
were employed. Typically used SAXS measurements rely on a large sample thickness
to achieve a suitable signal that is not dominated by the substrate itself. Therefore,
GISAXS measurements were performed according to Subsection 4.4.3. This technique
allows probing a large sample volume thanks to the large illuminated area on thin films,
which is originated in the small incident angle. Hence, the inner film volume can be
probed with high statistical relevance, allowing a more meaningful argumentation on
the film’s structure as the spatial and surface restricted scanning probe techniques.[39,97]

The GISAXS data presented in the upcoming section was collected with the help
of Dr. Paul Staniec at the I22 instrument at the Diamond Light Source, UK.
The measurements were performed with a photon energy of 12.4 keV, corresponding
to λ = 1Å. The ZnO scattering layers deposited on top of glass substrates were
probed under an incident angle of αi = 0.18°. The diffuse scattering was recorded
with a Dectris Pilatus 2M detector, providing 1475 × 1679 pixels with a size of
172 × 172 µm2 each.[159] With the SDD set to 3915 mm, the setup enables the detection
of low to medium nm-sized structures. The obtained 2D scattering patterns were
further analyzed according to Subsection 4.4.3 to determine the lateral structure size
in the thin film’s volume. An exemplary 2D GISAXS scattering image representative
for the investigated samples is depicted in Figure 5.13, revealing for all samples a
strong diffuse scattering in qz- and qy-direction, which indicates a rough surface and
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Exemplary GISAXS pattern of a
ZnO scattering layer fabricated
with 8.45 wt.% PS microsphere
concentration. Strong diffuse scat-
tering and the absence of a specular
reflection are observed. Horizontal
line cuts are performed for quanti-
tative analysis at the Yoneda peak
position (qy = 0.24 nm−1).

inner structure. The high surface roughness is further evident by the smeared specular
reflection around qz = 0.37 nm−1.
As the film’s inner structure is of interest for scattering layers, a detailed quantitative

analysis was carried out according to Subsection 4.4.3. Therefore, horizontal line cuts
were performed on the 2D data at the ZnO’s Yoneda peak position, revealing the lateral
structure information of the sample’s volume. In order to increase the measurement
statistics further, the cuts were averaged over a width of five pixels. The obtained data
was normalized to the Yoneda peak intensity for enhanced comparability and plotted
in Figure 5.14a. The plateau-like feature for all samples results from the absence of
a well-defined ordered structure, as already suggested by the surface morphology in-
vestigations and observed by Sarkar et al. for a similar system.[39] Furthermore, no
prominent peaks are identified, additionally indicating a high surface roughness and
a poly-disperse structure size. Therefore, the inner ZnO nanostructure morphology is
randomly oriented. Besides the poorly defined nanostructure that dominates the sig-
nal, a shift from large to smaller qy-values is observable and marked with a grey arrow
in Figure 5.14a. This shift implies that an increased PS microsphere concentration
leads to increased nanostructures inside the film. For a more quantitative analysis,
the obtained cuts are analyzed according to Subsection 2.5.2 and Subsection 4.4.3.
For this purpose, the scattering data is modeled in the frame of the DWBA, applying
an EIA and LMA. The best results are obtained when assuming the presence of two
substructures. Each substructure correspond to a set of spherical shaped particles
with a certain mean radius and a corresponding inter-domain distance. The obtained
modeled curves are depicted together with the corresponding scattering data in Fig-
ure 5.14b. For clarity reasons, the curves are shifted along the intensity and the shift
of the observed shoulder towards smaller qy-values is again marked with a grey arrow.
As concluded from the surface measurements in Section 5.4 and suggested by the

2D GISAXS scattering images, a high surface roughness with no dominant ordered
structure is found. Therefore, further discussion is concentrated on the used two
form factors (FF ) together with their variance, which are depicted in Figure 5.14c,d,
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Figure 5.14
GISAXS investigation on ZnO thin films fabricated with varying PS microsphere concen-
trations from 0 wt.% – 8.45 wt.%. a) Horizontal line cuts at the Yoneda peak position of
ZnO showing a shift towards smaller qy-values with increasing microsphere concentration,
corresponding to an increase in particle size. b) The same horizontal line cuts including
the corresponding model (turquoise) depicted with shifted intensity for better visibility. The
microsphere concentration increases from top to bottom. The data is modeled with two
form factors, while no dominant structure factor is found. c) From models extracted average
particle size (diameter) for form factor I (blue) and II (orange). An increased particle size
ranging from ∼11 nm – 15 nm is visible, while smaller particles stay at almost constant size
around ∼5 nm. The dashed lines serve as guide to the eye. d) The extracted variance of
the corresponding particle size depicted in (c) shows a large deviation for both particles,
indicating a polydisperse size distribution.

respectively. The form factors represent in this case the mean size of the particles
found, whereas the variance give information about the deviation of this mean particle
size and therefore is a measure for their polydispersity. The small form factor (FF II)
correspond to a particle size around 5 nm, which is almost constant for increasing PS
microsphere concentrations and is in accordance to the weakly pronounced shoulder
observed in the RPSD (Figure 5.12b). The large form factor on the other hand (FF I)
shows a value of ∼11 nm for the reference sample with 0 wt.% microspheres. In contrast
to the surface nanostructure discussed in Section 5.4, the inner structure shows an
opposite trend with an increase in the particle size to up to ∼15 nm for the highest
microsphere concentration. In the present case, due to the high surface roughness, the
randomly ordered large µm-structure and the large pores obtained from the 500 nm
sized PS microspheres cannot be resolved anymore.
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The solvent used during sample preparation is expected to dissolve the implemented
PS microspheres very well. In order to avoid full dissolution of the microspheres and
therefore a highly increased viscosity of the sol-gel, the microspheres are added shortly
before deposition. On one hand, a slight dissolution of the microspheres cannot be
avoided. On the other hand, the SEM study discussed in Section 5.4 proofed the
presence of microspheres in the deposited film, which excludes a full dissolution. Nev-
ertheless, an increased amount of dissolved PS in the sol-gel solution is reasonably
expected. Providing the same homopolymer to the system that is present in one of the
blocks of a diblock copolymer results in an increased accumulation of this material in
the corresponding block during sol-gel preparation. In the present case, this leads to a
swelling of the non-polar PS group of PS-b-PEO, which becomes apparent in micelles
with an increased core size. This effect was already observed for a similar system by
Kaune et al.[148] Such a swelling of the micellar core results in an increased pore size in-
side the final thin films. Therefore, the particle size observed with the present GISAXS
study is assigned to an increased pore size from ∼11 nm – 15 nm. Hence, an increased
film porosity of the samples can be concluded. The corresponding deviation of both
form factors, depicted in Figure 5.14d, shows a large variation around 40 % – 60 %.
Therefore, the determined mean pore size is also considered as polydisperse.
Overall, the conducted GISAXS study reveals a high surface roughness, which

strongly contributes to the diffuse light scattering and is in accordance to the previous
results. Furthermore, nm-sized particles with increasing size and broad size distri-
bution are found. This inner film structure is assigned to nanopores, generated by
selective swelling of the diblock copolymer micelles in the presence of a surplus of the
homopolymer PS. Consequently, the addition of PS microspheres increases the inner
film porosity, while at the same time the nanostructure at the sample’s surface shows
an increased densification, as observed in SEM measurements in Subsection 5.4.2.
Hence, a density gradient can be achieved and allow to tune the refractive index of
the scattering layer. Thus, by adjusting the PS microsphere concentration and the
sol-gel processing parameters, a refractive index gradient can be obtained in order to
gradually match the adjacent organic layers and the substrate and thus reduce organic
and substrate modes in OLED devices.

5.6 ZnO/PEDOT:PSS Bilayers
The previously investigations showed the influence of the PS microsphere concentration
on the meso- and nanostructure of ZnO thin films, which are supposed to be used
as scattering layers for OLED applications. An enhanced diffuse scattering with no
observable color shift is found, originating from a hierarchically structured and rough
film. For a successful implementation of such a scattering layer into a working device,
the application of a conducting bottom electrode on top of the rough scattering layer
is crucial. The application of ITO or FTO on such a layer is hardly practicable.
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Since polymers are processable from solution and require less damaging treatment to
the scattering layer, the deposition of a polymeric electrode is pursued. An excellent
candidate among the various potential materials[160] is the so-called PEDOT:PSS,[117]

which is introduced on page 51 and further investigated in Chapter 6 and Chapter 7.
This material allows easy deposition from solution and enables the adjustment of
work function and conducting properties via numerous treatments. In the following,
the application of this versatile polymer mixture on top of exemplary ZnO scattering
layers is tested via spin coating and spray deposition techniques in order to proof
their use in scattering layer assisted ITO-free OLEDs. Additionally, as OLED devices
require typically flat surfaces, the use of PEDOT:PSS to compensate the high surface
roughness is tested. For this purpose, ZnO/PEDOT:PSS bilayers were fabricated in
the frame of the Bachelor’s thesis of Irina Ilicheva.[146]

5.6.1 Structural Investigations

Bilayers prepared with the typically used spin coating technique, as described in Sub-
section 3.2.1, turned out to yield insufficient results (see Figure 5.15a,b). Firstly, the
foam-like structure in combination with the high surface roughness of the ZnO layers
leads to soaking and infiltration of PEDOT:PSS solution into the scattering layer (Fig-
ure 5.15d). At first sight, this is a desired behavior as it leads to a slight back-filling
of the ZnO and thus creates a well integrated network of conducting material. Addi-
tionally, the surface roughness can be smoothed to meet the requirements of OLED
devices. In fact, the required high concentration and amount of material for spin coat-
ing leads to incorporation of to much polymer, resulting in thick layers such that the
film’s absorption is highly increased. Therefore, the transparency is strongly reduced
and the bilayers are not suitable as transparent electrodes.
Secondly, the high surface roughness of several hundreds of nm results in an inhomo-

geneous distribution of material by spin coating. The rough surface reasonably leads
to a fill up of valleys during spin coating, whereas the heights are insufficiently covered,
resulting in an inhomogeneous distribution of PEDOT:PSS.
Finally, the high wettability of the porous ZnO with water (and the dispersed

PEDOT:PSS) is expected to diminish the adhesive force between the ZnO layer and the
substrate. In combination with the high film roughness the high rotation speed might
then lead to strong centripetal forces on the wrinkles which can result in a detaching
of the composite film, as depicted in Figure 5.15a,b. The subsequent annealing of the
films might further intensify this effect by different thermal expansion coefficients of
the materials. Therefore, spin coating is considered as inadequate for the application
of polymeric electrodes on top of such scattering layers.
The disadvantage of the high centripetal force and large amount of solvent/material

on the sample can be overcome by switching to another deposition technique such
as spray coating. Therefore, PEDOT:PSS films are deposited on ZnO scattering lay-
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Figure 5.15
SEM images of ZnO/PEDOT:PSS bilayers. ZnO scattering layers are fabricated via spray
deposition. Spin coating of PEDOT:PSS on top of the scattering layers leads to peeling of
the bilayer (a, b). c) Spray deposition of PEDOT:PSS yields almost homogeneous coating
of the hierarchically structured ZnO layer. d) Cross-sectional image of a bilayer shows a
thick ZnO layer with decreased porosity from bottom to top which is partly infiltrated by
the top PEDOT:PSS layer. e) Cross-sectional image of bilayer reveals hollow wrinkles.

ers as explained on page 65 and according to Subsection 3.2.2, using 1 ∶ 5 diluted
PEDOT:PSS PH 1000 with subsequent spraying of EG and thermal annealing. In to-
tal, 1 mL diluted PEDOT:PSS solution is deposited in a single spray pulse on the previ-
ously prepared ZnO layers. For thickness and conductivity calculations, a PEDOT:PSS
reference sample is fabricated under the same conditions on an acid cleaned glass sub-
strate. The top view of such a prepared bilayer is depicted in Figure 5.15c, revealing
the typical wrinkled structure is maintained. Cross-sectional imaging in Figure 5.15d
shows the well-defined surface coverage and infiltration of the deposited PEDOT:PSS
into the nanoporous ZnO film with a total thickness of ∼1.4 µm. Furthermore, an
increased porosity at the substrate/ZnO interface and an increased density at the
ZnO/PEDOT:PSS interface is observed, which is in agreement with the findings from
the SEM and GISAXS study. The main advantage of spray deposition is the possibil-
ity to homogeneously coat complex surface structures such as the present scattering
layers. Figure 5.15e shows the cross-sectional image of such an uniformly coating of
a ZnO wrinkle. Additionally, the cross-section reveals voids underneath the wrinkled
structure contributing to the insufficient adhesion of ZnO layers during PEDOT:PSS
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Figure 5.16
Transmittance of ZnO, PEDOT:PSS and bilayers, mea-
sured with an integrating sphere. All films are pre-
pared via spray deposition. For proof of principle,
the ZnO layer is fabricated without PS microspheres.
PEDOT:PSS is sprayed on top of the scattering layer.
Subsequent EG post-treatment is performed with spray
deposition and annealing. High transmittance is ob-
tained for the bilayer which allows the use as conductive
scattering layer. 400 600 800
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spin coating. The hollow wrinkles easily explain the increased peak heights in AFM
measurements that exceed the general layer thickness, as discussed in Section 5.4. In
addition, the voids proof the highly hierarchical morphology across the film and pro-
vide further random structure to the system. The formation of such wrinkles can be
tuned via adjusting drying and calcination times. On one hand, compensation of the
µm-roughness with PEDOT:PSS is not possible as it creates non-transparent films.
However, fast heating ramps during calcination are potentially able to suppress such
largely pronounced wrinkles and consequently reduce the macroscopic surface rough-
ness. On the other hand, in the present case, the high interfacial area provided by the
randomly wrinkled structure might also be beneficial in order to enhance the OLED
efficiency.

5.6.2 Transparent Electrode Performance

In order to test the suitability of such prepared ZnO/PEDOT:PSS composite films,
UV-Vis measurements have been employed according to Subsection 4.1.1 by detecting
the transmittance via an integrating sphere. Figure 5.16 shows the obtained transmit-
tance of the reference glass substrate in comparison to the single ZnO and PEDOT:PSS
layers together with the bilayer of both. The ZnO layer shows the known behavior of
high transmittance in the visible range of light for wavelength of λ ≳ 380 nm. The EG
post-treated PEDOT:PSS layer shows a slightly reduced transmittance for long wave-
length while the absorption around λ ≲ 310 nm is dominated by the glass substrate
itself. As expected, the bilayer reveals a combination of both transmittance spectra
with slightly reduced intensity. The transmittance in the range of the visible light is
still >60 %, showing the highest transmittance of ∼76 % around ∼450 nm. Therefore,
a high total transmissibility of the ZnO/PEDOT:PSS bilayer is maintained.
In order to evaluate the electrode performance of the bilayer, four-point probe mea-

surements are performed according to Subsection 4.2.1. The average thickness for the
pure PEDOT:PSS layer is determined as d = (0.25 ± 0.03) µm and is used for further
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conductivity calculations of the reference and bilayer samples. For the PEDOT:PSS
reference sample, a sheet resistance of R□ = (24 ± 5)Ω□−1 is obtained, leading to
a conductivity of σdc = (1728 ± 627) S cm−1. The example bilayer yields a sheet re-
sistance of R□ = (191 ± 78)Ω□−1. As the bilayer does not allow to determine the
PEDOT:PSS layer thickness separately via surface profilometry measurements, the film
thickness of the reference PEDOT:PSS layer is used, assuming a comparable and ho-
mogeneous thickness for the bilayer. Thus, a conductivity of σdc = (213 ± 115) S cm−1

is obtained.
Obviously, the conductivity for the bilayer is significantly lowered in comparison to

the PEDOT:PSS reference. This is most probably related to the macroscopic large
surface roughness originated in the wrinkled structure of the ZnO scattering layer.
Therefore, the measurement procedure using a four-point probe might be error-prone,
as the investigated film cannot be considered as flat and thin. Furthermore, the high
roughness of the underlying ZnO layer leads to large deviations of the measurement
at different sample positions. Therefore, the average sheet resistance shows a large
error. In addition, the determined PEDOT:PSS layer thickness might be underesti-
mated, which would result in a larger conductivity. Furthermore, the large area of the
ZnO/PEDOT:PSS interface might influence the work function and the doping of the
polymeric electrode.
All together, the conductivity of the bilayer lacks behind a single PEDOT:PSS or an

ITO electrode and therefore is not suitable for the application in an OLED. As OLED
devices require typically very flat surfaces, it might be necessary to overcome the
macroscopic roughness towards a full OLED device stack. The compensation of this
roughness with PEDOT:PSS is not suitable, as the light absorbance would be highly
increased and the photon emission significantly reduced. Consequently, it might be
essential to reduce the µm-sized structure by a fast heating ramp during calcination of
ZnO. However, the macroscopic roughness could even be beneficial for the application
in an OLED device. Besides the light scattering behavior, the increased roughness
reveals in fact an increased interfacial area of the different functional layers. Assuming
such a randomly structured film can be homogeneously coated, which is possible with
spray deposition, such films may provide an increased luminance for OLED devices
originated in the increased interfacial area. In any case, the measurement successfully
demonstrated the realization of a conducting semi-transparent scattering layer via
fabrication of PEDOT:PSS coated ZnO bilayers. Therefore, such bilayers could be
used for enhanced light outcoupling of ITO-free OLED devices. However, besides
the high macroscopic roughness, the main limiting factor towards a working ITO-
free OLED is the reduced conductivity of the composite layer, which stays behind its
potential. Therefore, the conductivity of such PEDOT:PSS polymeric electrodes needs
to be further enhanced, which is subject of investigation in Chapter 7.
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5.7 Summary

The performance of the obtained ZnO films upon visible light scattering is analyzed
by comparison of direct and diffuse scattered visible light in forward (transmittance)
and backward (reflectance) direction. UV-Vis spectroscopy reveals an enhanced diffuse
scattering and slightly enhanced diffuse reflectance with increasing PS microsphere con-
centration, while no increased absorption is found. Angular and wavelength dependent
goniometer measurements are conducted in order to resolve the scattering character-
istics of the structured thin films. A significantly enhanced angular scattering of up
to 30° and beyond is observed, while the maximum intensity is decreased. The high
surface roughness already provides a strong diffuse scattering ability. However, the
apparent peak spreading of the transmitted intensity proofs further enhancement with
increasing microsphere concentrations. The increased FWHM and integral breadth
of the scattered intensity of up to 61 % proves the successful implementation of addi-
tional scattering centers into the ZnO films. Furthermore, no wavelength dependent
scattering is observed, revealing no apparent color shift, which is a precondition for
the application as scattering layer for white OLEDs.
Morphological investigations of the different scattering layers on the surface are per-

formed via surface profilometry, AFM and SEM measurements. The topographical
study reveals a high deviation in the average film thickness of each sample, proba-
bly related to the increased sol-gel viscosity during deposition. Therefore, increased
microsphere concentrations might result in flow rate variations during spray coating,
which leads to local inhomogeneities on the sample. However, the film thickness is
determined as >1 µm, which is sufficient to bury the implemented microspheres and
leads to spherical voids inside the film. Additionally, a very high surface roughness
of ∼0.4 µm – 0.6 µm is found, which is the supposed main contribution to the strong
diffuse scattering. The suggested relation is proofed via SEM and AFM analysis. Fur-
thermore, an intense wrinkled structure in the µm-scale is observed, which provides a
high roughness together with a randomly oriented structure. The wrinkles are found
to be hollow and create additional voids in the film. Therefore, a hierarchical struc-
ture is achieved. Furthermore, successfully embedded PS microspheres are proven for
uncalcined samples that reveal spherical shaped voids in the final thin films. With
increasing microsphere concentrations, a densification of the surface nanostructure is
observed, related to a slow drying and calcination process that also leads to the wrin-
kled structure.[151] Consequently, this might be related to the enrichment of the PS
block of the copolymer by slight dissolving of the additional PS microspheres.
The inner nanostructure is examined via GISAXS measurements, revealing a highly

randomized morphology with no defined order. Additionally, an increased nanopore
size from ∼11 nm – 15 nm is found inside the films, which allows tuning of the thin films
porosity and thus of the ZnO refractive index. The increased pore size is assigned to
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a swelling of the non-polar PS block via partly dissolved PS microspheres, as observed
earlier for a similar system.[148]

In summary, the fabrication of hierarchically structured ZnO is achieved, revealing
three length scales ranging from a few nm to several µm. The latter mainly provides a
large interfacial area and has only a low contribution to the scattering. The origin of
the enhanced diffuse scattering is found to be a combination of the increased surface
roughness in the nm-scale and spherical voids introduced by the 500 nm sized PS
microsphere templates. Additionally, slight dissolution of the microspheres results in
a swelling of the nanopores, created by the sol-gel assisted block copolymer template.
Therefore, an increased and tunable film porosity with a dense surface can be obtained.
Hence, such scattering layers provide high potential to enhance the OLED effi-

ciency via increased photon outcoupling. For this purpose, the implementation of
a conducting polymer on top of the scattering layer is tested via spin coating and
spray deposition of PEDOT:PSS PH 1000 with subsequent EG post-treatment. A
ZnO/PEDOT:PSS bilayer is successfully fabricated via spray deposition, while spin
coating shows a detaching of the underlying ZnO films. For the spray coated film, a
conductivity of (213 ± 115) S cm−1 and a transmittance of >60 % with a peak trans-
mittance of ∼76 % at λ = 450 nm is achieved. Due to the low conductivity and the
high macroscopic roughness, the obtained bilayers failed in the fabrication of ITO-free
OLEDs. On one hand, further research might be required to suppress the wrinkled
structure and produce ZnO scattering layers with a flat surface. Additionally, back-
filling with PEDOT:PSS to compensate the surface structure is considered as not
suitable, as the light absorbance would be highly increased. A promising approach to
smooth the surface could be the use of a faster heating ramp during calcination, which
would reduce the time for the film to relax and therefore could suppress the formation
of the typical wrinkled structure. On the other hand, homogeneous coating of the
scattering layer leads to an increased interfacial area of adjacent functional layers. In
combination with an enhanced light outcoupling via the scattering layer this might
lead to an increased luminance of OLEDs. Hence, the efficiency of ITO-free OLED
devices might be enhanced by the application of such bilayers. In any case, the lack
in conductivity of the PEDOT:PSS electrode needs to be overcome and is further in-
vestigated. Therefore, the characteristics of the PEDOT:PSS electrode are examined
in Chapter 6 and Chapter 7 in order to understand its conductivity’s origin and to
improve the electrode performance.
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CHAPTER6
Following the Humidity Induced
Swelling of PEDOT:PSS Electrodes

The following chapter is mainly based on the publication “Monitoring
the Swelling Behavior of PEDOT:PSS Electrodes under High Humidity
Conditions” (Bießmann et al., ACS Applied Materials & Interfaces, 2018,
doi: 10.1021/acsami.8b00446).[29] Reproduced with permission from
American Chemical Society, Copyright 2018.

An important contribution to the device performance in organic electronics depends
on the stability of its electrode. A key aspect to understand the degradation of or-
ganic electronic devices is their sensitivity towards water. Thus, the present chapter
covers the influence of high humidity on differently treated poly(3,4-ethylene dioxythio-
phene):poly(styrene sulfonate) (PEDOT:PSS) electrodes with respect to their water
sorption and the resulting swelling behavior. Therefore, different treatments are ap-
plied to the thin films (Section 6.2) and the impact on their water sensitivity and
swelling response is tested. The as-prepared films are characterized via XRR (Sec-
tion 6.3) and static ToF-NR (Section 6.5) measurements before they are exposed to
a saturated water atmosphere. The applied measurement protocol is given in Sec-
tion 6.4. The film response is then monitored in Section 6.6 with time resolved neu-
tron reflectometry measurements in ToF mode.[109] The experiments were conducted
at the REFSANS instrument at the MLZ, Garching, Germany. Further details about
the instrument and the measuring technique itself are given in Subsection 2.5.4 and
Subsection 4.4.2, respectively.
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6.1 The Multifaceted Behavior of PSS

One main advantage of organic electronic devices is their semi-transparency and inher-
ent flexibility, depending on the used organic layers. These characteristics enable the
realization of flexible devices. However, to broadly switch to such types of components,
it is necessary to replace commonly used brittle and costly electrodes such as indium-
doped tin oxide (ITO) or flurine-doped tin oxide (FTO). Among the various available
materials, PEDOT:PSS – introduced on page 51 – is a promising candidate to cover
the requirements for such flexible electronics.[161–164] PEDOT:PSS can be described
as a polyelectrolyte complex consisting of the hydrophilic PSS and the hydrophobic
PEDOT.[117] The presence of PSS is a necessary requirement during the synthesis of
the polymer mixture. Thereby, the PSS part itself shows a multifaceted behavior. It
serves as counterion, stabilizing charge carriers introduced by primary doping on the
PEDOT chains, which leads to a closely intermixing on the molecular scale of both
components. Therefore, a certain amount of PSS is required for electrical conductivity.
Furthermore, due to its hydrophilicity, PSS makes the polyelectrolyte soluble in water
and therefore solution processable in an environmentally friendly way. To ensure good
solubility and prevent agglomeration, the PSS amount is usually much higher than the
one of PEDOT. Some typical mixture ratios are listed in Table 3.1, all of them used
for very different purpose. In this chapter the high conducting PEDOT:PSS PH1000 is
used, in the following only called short PEDOT:PSS. The mixing ratio of this specific
blend is given by the supplier with 1 ∶ 2.5, yielding thin films with a comparable small
PSS content. Nevertheless, without further treatment, the conductivity of ∼1 S cm−1

of such prepared pristine films stays behind its potential.
However, the hydrophilic behavior of PSS – being beneficial during solution pro-

cessed film deposition – becomes to a detrimental property in the final thin films. In
this case, the conducting PSS doped PEDOT-rich crystallites are embedded in an insu-
lating matrix of excess PSS. Thus, the extent of this network and therefore the distance
between neighboring PEDOT domains depends on the amount of excess PSS, which
hinders the charge transport between neighboring PEDOT crystallites and therefore
limits in the end the overall electrical conductivity. Furthermore, it is also known that
PSS forms an insulating enrichment layer on top of thin films, due to the different
solubility of PEDOT and PSS. As a consequence, this has a negative impact on the
overall conductivity and on the charge transport to neighboring transport or active
layers.[131,165,166]

Therefore, several methods have been developed to reduce the insulating capping
layer and extract the excess PSS from the thin films. Those techniques are mainly based
on high boiling point solvents, which are either added into the PEDOT:PSS dispersion
before or were applied as post-treatment after film deposition.[9,120,167–171] The induced
structural rearrangement is assumed to be caused by a phase separation of PEDOT and
PSS and yields an improved charge transport in lateral film direction. Consequently,
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such conductivity enhancement by morphological optimization is commonly referred to
as secondary doping. For instance, Kim et al. used EG post-treatment in combination
with thermal annealing to achieve conductivities of up to 1418 S cm−1, which is in
the same order of magnitude as ITO.[169] Furthermore, by modifying the PSS capping
layer, the work function can be adjusted and therefore the charge transport from the
PEDOT:PSS electrode to adjacent layers can be tailored.[172]

However, besides being insulating, the excess amount of PSS adds further problems
to PEDOT:PSS electrodes. In general, the presence of H2O leads to degradation
effects in organic materials. In the case of PEDOT:PSS, the hygroscopic behavior of
PSS yields a high potential for water uptake, which has a negative influence on the
film’s conductivity and might harm the whole device performance.[173] In addition, film
swelling induced by water uptake of the PSS is expected, which can cause mechanical
stress onto the other functional layers in an organic device. Even encapsulation cannot
completely prevent the device from moisture. Moreover, it is important to understand
the underlying kinetics of water uptake and film swelling in PEDOT:PSS thin films,
for instance for a cost-effective pre-processing under ambient conditions.

6.2 Investigated Samples
The aim of this chapter is a better understanding of the water sorption and the con-
nected swelling kinetics of typically treated PEDOT:PSS thin films exposed to humid
atmosphere. In the following, three PEDOT:PSS thin films were prepared with com-
monly used treatments. Namely, pristine PEDOT:PSS PH1000 was compared to a
film prepared with Zonyl additive. Zonyl is a commercially available fluorosurfactant,
which leads to an enhanced wetting behavior of the dispersion on the substrate and
therefore is widely used in the preparation routine for PEDOT:PSS thin films.[120] Fur-
thermore, the induced phase separation leads to morphological changes which result
in a larger PSS capping layer. This increased insulating capping layer influences the
work function and conductivity of the final film, which is detrimental for controlling
the selective charge transport to adjacent layers in electronic devices.[9,131] The second
investigated method is the earlier mentioned EG post-treatment, which is an often
used technique to enhance the film’s conductivity of PEDOT:PSS electrodes.[169] Us-
ing a high boiling point solvent such as EG leads to a structural rearrangement in
the film (secondary doping) and is supposed to partly dissolve and remove the above
mentioned PSS capping layer.
All samples were prepared according to Section 3.4 from 1 ∶ 1 diluted PEDOT:PSS

stock solution. The prepared solution was spin coated on acid cleaned[113] p-doped
silicon wafers (∅ 100 mm). In order to assure a comparable film thickness of ∼20 nm for
all investigated samples, the spin coating speeds were adjusted to 1500 rpm, 2500 rpm
and 1200 rpm for the pristine, Zonyl and EG treated sample, respectively. As the
viscosity and wettability of the different solutions vary, an amount of 4 mL – 6 mL was
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Figure 6.1
Schematic overview of the investigated PEDOT:PSS samples:
Pristine (black), Zonyl additive (blue) and EG post-treated (green). The samples were pre-
pared using different spin coating settings and annealing steps. While Zonyl was added into
the solution before deposition, EG post-treatment was applied on a pristine PEDOT:PSS
thin film. A more comprehensive description is written in Section 3.4. Adapted with per-
mission from American Chemical Society, Copyright 2018.[29]

used in order to fully cover the whole substrate. The Zonyl surfactant was added
prior to deposition, whereas the EG post-treatment was performed after deposition of
the thin films. Either way, an annealing step at 140 ◦C for 10 min was performed for
all samples. A short overview about the sample preparation steps and the different
treatments used is given in Figure 6.1.
Both treatments are expected to have an influence on the film’s morphology and

most probably influence the PEDOT-to-PSS ratio. Besides the well studied change in
electric conductivity resulting from these treatments, the question arise how sensitive
the different films are upon high moisture conditions and how fast the films respond
to a change in relative humidity. Therefore, the film response regarding swelling ratio
and water uptake induced by a change in relative humidity was investigated by means
of ToF-NR.

6.3 PEDOT:PSS Films

The prepared samples are investigated and characterized regarding their conductivity,
film thickness and average X-ray scattering length density (SLDx). All of the results
are listed in Table 6.1. Due to conducting silicon substrates, all conductivity mea-
surements were carried out on an additional sample set prepared on glass substrates.
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Figure 6.2
XRR measurements on PEDOT:PSS
films for verification of sample’s suit-
ability for ToF-NR measurements. De-
picted are pristine (black), Zonyl (blue),
and EG-treated (green) samples includ-
ing their corresponding fits (red). The
data gives reference values for the av-
erage film thickness and SLDx for up-
coming ToF-NR examination. The crit-
ical edge is marked with a grey dashed
vertical line.
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Employed four-point measurements reveal typical conductivities for pristine, Zonyl,
and EG treated samples, giving a slightly decreased conductivity for Zonyl and a
significantly enhanced conductivity for EG post-treated films. The decreased conduc-
tivity for Zonyl treated samples is assumed to be related to an increased PSS capping
layer thickness. The enhanced conductivity for EG treated samples is often explained
with a structural rearrangement inside the film in combination with a reduced PSS
capping layer.
Due to the large beam size and footprint for NR measurements, samples providing

a small roughness and a good film homogeneity in a cm-range are of high importance
to obtain good data quality. In order to assess if the prepared samples are suitable for
ToF-NR, XRR measurements are performed. The obtained data is fitted considering
a constant SiO2 layer on the Si substrate and using a one-layer model according to
Subsection 4.4.1 to account for the investigated polymer film. The conducted mea-
surements give information about the film thickness and roughness. Therefore, the
film homogeneity can be determined. In addition, the reflectivity curves give informa-
tion about the average film SLDx, which is related to the materials mass density with
Equation 2.22. The obtained XRR measurements are depicted in Figure 6.2 together
with their corresponding fits. All curves show several Kiessig fringes and a well defined
critical edge (grey dashed line), indicating a smooth surface and a sharp polymer-air
interface. The extracted film thickness for the pristine, Zonyl added and EG treated
PEDOT:PSS samples are found to be 25.2 nm, 23.4 nm and 19.0 nm, respectively.
Therefore, the samples provide comparable thicknesses, which gives good reference
values for the upcoming fitting of the NR data. The obtained surface roughness for
all films is around 1 nm and therefore can be presumed as smooth. Consequently, the
homogeneity of the films is considered as suitable for ToF-NR measurements.
The third important parameter extracted from the XRR fits is the X-ray scattering

length density (SLDx) which is listed in Table 6.1 as well. As explained in Subsec-
tion 2.5.1, the SLDx is related to the average electron density of the material. The
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Table 6.1
Results of sample characterization on PEDOT:PSS thin films. Conductivity σ is obtained
on an additional sample set prepared on glass substrates. The average mass density ρ is
calculated from the average SLDx. Thickness, roughness and SLDx were determined from
the best XRR fits.

quantity pristine Zonyl EG

σ [S cm−1] 1.35 ± 0.15 0.12 ± 0.02 883 ± 130

thickness [nm] 25.2 ± 0.1 23.4 ± 0.1 19.0 ± 0.2

roughness [nm] 1.00 ± 0.08 1.24 ± 0.10 1.72 ± 0.13

SLDx [10−6 Å−2] 14.11 ± 0.47 13.86 ± 0.42 14.63 ± 0.35

ρ [g cm−3] 1.59 ± 0.05 1.56 ± 0.05 1.65 ± 0.04

electron density can be estimated by taking into account the scattering factors for each
component of the polymer, its molar mass and its mass density. Due to the very similar
scattering factors and molar mass for PEDOT and PSS, it can be assumed the SLDx
for each component (Table 6.2) mainly depends on the mass density, which translates
to an average electron density (see Equation 2.22). Therefore, an average mass den-
sity for the different films can be estimated, which is listed in Table 6.1. The slightly
decreased density for the Zonyl-added and increased density for the EG post-treated
sample compared to the pristine one is in accordance to literature.[172,174] However, in
the frame of the error range, the different densities are very similar.
In addition, due to the lack of knowledge about the exact mixing ratio of PEDOT

and PSS in the final film, an accurate calculation of the mass density of each individual
component is not possible. This makes a density calculation using the neutron scat-
tering length density for PEDOT:PSS meaningless, because the difference in SLDN for
PEDOT and PSS is more pronounced for neutrons than for X-rays, as seen in Table 6.2
for a hypothetical mass density of 1 g cm−3 for both components. On the other side,
this higher sensitivity of NR measurements towards the different components enhances
the contrast between PEDOT and PSS. Thus, possible enrichment layers of one ma-
terial are more pronounced. Analogously, a large SLD difference between the applied
solvent and the polymer yields a high contrast, which enables a good distinguishability
between them. In order to investigate the water content in a humid environment, it is
necessary to take into account the SLDs for the different water isotopes.
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Table 6.2
Theoretical values for X-ray (8 keV) and neutron SLDs for H2O, D2O, PEDOT:PSS and
its single components. Values are calculated according to Subsection 2.5.1 assuming the
theoretical PEDOT:PSS mixing ratio of 1 ∶ 2.5 for PEDOT:PSS PH1000 and a mass density
of 1 g cm−3.

quantity PEDOT PSS PEDOT:PSS H2O D2O

SLDx [10−6 Å−2] 8.78 8.90 8.87 9.45 9.41

SLDN [10−6 Å−2] 1.69 1.42 1.49 −0.56 6.36

6.4 PEDOT:PSS Electrode Humidity Study

For investigating the influence of varying humidity on PEDOT:PSS electrodes, in situ
ToF-NR measurements were performed at the REFSANS instrument at MLZ, Garch-
ing, Germany. The ToF-NR measurement was conducted in single neutron detection
mode, which enables a time resolution that is limited by the signal’s intensity only. A
30 s time binning was chosen to provide a very good time resolution combined with
reasonable statistics. This enables to follow the film response almost in real time.
One main advantage of applying NR is the very suitable scattering contrast of neu-

trons for the different used materials. The average SLDN for pristine PEDOT:PSS thin
films is determined from static NR measurements to be (1.765 ± 0.013) × 10−6 Å−2,
whereas the SLDN literature values for H2O and D2O are given as −0.56 × 10−6 Å−2

and 6.36 × 10−6 Å−2, respectively (see Table 6.2). Those values were calculated using
the NIST SLD calculator according to the bound coherent scattering length collected
by Sears.[84] The large difference between the SLDN of D2O to H2O and PEDOT:PSS
provides a very good contrast between the absorbed deuterated water and the polymer.
Therefore, using D2O as solvent, the water content in the film can be monitored by
the change in SLDN, which is mainly represented by the critical edge in the reflectivity
pattern. Furthermore, the film swelling can be followed by the qz-spacing of the visible
Kiessig fringes. Thus, ToF-NR enables for a decoupled, time resolved measurement
of the water content in the film and its swelling ratio. Therefore, the measurement
provides not only information about the vertical layer composition and the film thick-
ness, but is also capable to yield a vertical SLD profile through the film, which can be
transformed into a D2O content in the film.[175]

Measurement Protocol:
To expose the PEDOT:PSS electrodes to a controlled environment, a special designed
humidity chamber made from high purity aluminum is used and equipped with a tem-
perature and humidity sensor (Sensirion SHT21). A typical humidity and temper-
ature curve of the chamber environment for the conducted measurements is depicted
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Figure 6.3
Temporal evolution of relative humidity (RH) and temperature (T) in the used humidity
chamber, shown together with the different steps of the measurement protocol: I) Static
measurement of as-prepared film. II) Kinetic measurement of hydration. III) Static mea-
surement of humid film. IV) Kinetic measurement of dehydration. V) Static measurement
of dehydrated/dry film. Adapted with permission from American Chemical Society,
Copyright 2018.[29]

in Figure 6.3. In addition, the different states I to V of a single measurement are
marked in the plot. For all measurements, the temperature in the chamber was kept
slightly above ambient conditions to prevent condensation effects on the chamber win-
dows. Therefore, the temperature was kept at a constant value of 26.5 ◦C to achieve
equal conditions for the evaporation process of all samples. Each measurement was
performed as following:

I. Static measurement of the as-prepared PEDOT:PSS films at ambient conditions.
II. Injection of 8 mL D2O via a syringe into the water reservoir inside the humidity

chamber. The reservoir is placed below the sample to avoid spilling of it. The
rising humidity is tracked and the film response is monitored with a kinetic ToF-
NR measurement.

III. After no change in the reflectivity curve is detectable (≈8 h), equilibrium condi-
tions are attained and a second static measurement of the humid film is performed.

IV. Extraction of the residual water via a syringe and subsequent drying of the sam-
ples by removing the saturated atmosphere utilizing a vacuum pump.

V. In the end, a static measurement of the dehydrated film (further referred to as
dry film) is conducted to record the final film state.

The three static measurements (as-prepared, humid, dry) were performed at an
incident angle of 0.6° and 2.4° with an exposure time of 20 min and 100 min, respectively
and are combined to one reflectivity curve. The kinetic measurement (step II) is
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performed with an incident angle of 0.76°. The detected single neutrons are afterwards
binned to achieve a 30 s time resolution.
The obtained NR data is evaluated using the Motofit package by Nelson.[142]

In combination with the high contrast of PEDOT:PSS and D2O and the selective
water uptake of the hygroscopic PSS part, different enrichment layers in the films are
distinguishable. Hence, the best fits for the static measurements are obtained using a
three-layer model to account for such enrichment layers. The analysis of the kinetic
NR measurements focuses on changes of the film thickness and the SLDN change, from
which the water incorporation in the film can be deduced.

6.5 Static NR Measurements
In Figure 6.4 the static NR measurements are depicted together with their fits and
calculated SLDN profiles. From the static measurements, one can conclude, that the
as-prepared (green) and dried (red) films in Figure 6.4b posses the same thickness
and SLDN profile for each individual sample, which is a hint for a good reversibil-
ity of the swelling process itself. However, the SLDN for the EG post-treated film
is slightly decreased by the humidity treatment. As reported in literature, EG post-
treatment leads to a densification of the PEDOT:PSS film, which results in a higher
SLD.[169,174] The swelling caused by the incorporated water seems to reverse this den-
sification, which is already an indication for a structural change inside the film. The
pristine PEDOT:PSS sample and the Zonyl treated sample show average SLDs of
(1.765 ± 0.013) × 10−6 Å−2 and (1.755 ± 0.009) × 10−6 Å−2, respectively. The average
SLDN for the EG post-treated film is calculated to be (1.917 ± 0.003)Å−2. Therefore,
the mass density is slightly decreased by the Zonyl treatment, whereas it is increased
for an EG post-treatment compared to that of pristine PEDOT:PSS. The differences
in the determined average film’s mass density is in agreement with reported changes
in the crystalline structure of PEDOT and PSS.[131]

In the SLDN profiles in Figure 6.4b the strong thickness increase during swelling of
about 100 % can easily be seen. In addition, the SLDN increases through the whole
film, which is an indication for a strong D2O incorporation caused by the hygroscopic
PSS and translates to a high water content. Furthermore, in the SLDN profiles of
the swollen films, two enrichment layers of low and high water content can be identi-
fied. While the pristine film shows a good intermixing of the enrichment layers with
the bulk polymer, which is even more mixed for the Zonyl treated sample, the EG
post-treated sample reveals a very sharp transition from the bulk to the enrichment
layers. In addition, the enrichment layer at the polymer-air interface is drastically
reduced for EG post-treatment and the whole thickness increase due to swelling seems
to be lowered. Therefore, the low SLDN enrichment layer at the substrate-polymer
interface is identified as a hydrophobic PEDOT layer with few water incorporation.
The high SLDN enrichment layer at the polymer-air interface can be assigned to the
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Figure 6.4
a) Static NR measurements of pristine, Zonyl-added and EG post-treated PEDOT:PSS thin
films (top to bottom). b) The corresponding SLDN profiles show the tremendous increase
in thickness and average SLDN of all films from the as-prepared (green) to the humid (blue)
film, followed by a decrease for the dry (red) film. An enrichment layer of hydrophobic
PEDOT at the substrate-polymer interface and an enrichment layer of hydrophilic PSS at
the polymer-air interface are clearly identified for all films. The Zonyl-treated film shows
a better intermixing of the enrichment layers, whereas the EG-treated film shows a more
distinct separated interface for the enrichment layers and a reduced PSS capping layer.
Adapted with permission from American Chemical Society, Copyright 2018.[29]
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hydrophilic PSS, which is reduced due to EG post-treatment. This reduction of the
PSS capping layer by EG treatment is responsible for the enhanced conductivity, as
literature reported.[169]

Taking a look to the films after exposure to high humidity, the Zonyl and EG treated
samples show a reduced water incorporation and swelling ratio compared to the pristine
sample. Thus, the different treatments indeed impact the film’s sensitivity under high
humidity conditions. In order to elaborate the film response upon changing relative
humidity, in situ ToF-NR measurements of the swelling (step II in Figure 6.3) are
analyzed in detail and discussed in the following section.

6.6 Swelling Kinetics

After the static measurement of the as-prepared film is finished, D2O is injected into the
measurement chamber and the humidity starts to rise. The film response is detected
with 30 s time resolution by ToF-NR and is linked to the actual relative humidity.
Thus, during the swelling ∼1000 data curves were collected and subsequently analyzed
according to Section 2.2 and Subsection 4.4.2. For the pristine and Zonyl sample a three
layer model was necessary to account for the different enrichment layers and to obtain
accurate fitting results. However, a two layer model was sufficient to fit the kinetic
ToF-NR data measured for the EG sample. In Figure 6.5 a selection of the kinetic
dataset is depicted together with their corresponding fits. The color scale represents
the changing humidity in the chamber from low (turquoise, bottom) to high (blue, top)
humidity. For better visibility the critical edge of the dry polymer is marked with a
vertical solid line and the swelling process is illustrated with an arrow. In accordance
to the static measurements of the as-prepared and humid films, all wet PEDOT:PSS
films show a clear shift of the critical edge towards larger qz-values. This effect is
related to an increasing SLDN, which corresponds to a strong D2O incorporation into
the film. Furthermore, the high water incorporation leads to a film swelling, which is
represented by additional appearing and shifting reflectivity maxima from large qz- to
small qz-values.
The different film responses of the pristine, Zonyl and EG samples are distinguishable

already with bare eyes. While the Zonyl treated sample (Figure 6.5b) shows a very
similar behavior as the pristine one (Figure 6.5a), the EG treated sample (Figure 6.5c)
draws a different picture. The shift of the critical edge is much less pronounced, which
corresponds to a reduced water incorporation into the film. Furthermore, the shift of
the reflectivity maxima towards smaller qz-values is limited as well. This supports the
earlier mentioned presumption about a reduced water incorporation and therefore an
enhanced resistivity and stability against water.
In order to compare the treatments in a more quantitative way, the obtained film

thickness of each film is normalized to its corresponding initial value of the as-prepared
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Figure 6.5
Selected ToF-NR reflectivity data (symbols) and fits (red) of PEDOT:PSS thin films under
increasing humidity conditions, measured at times as indicated. For easier visibility, the
data curves are shifted along the log-scaled intensity. a) Pristine film, b) Zonyl additive in
solution, and c) EG post-treated films. The color gradient represents the increasing humidity
(turquoise to blue). Vertical black solid lines represent the critical edge of the dry polymer
film. The shift of the critical edge towards higher qz-values indicates an increased D2O
incorporation. Appearing and shifting reflectivity maxima towards smaller qz-values indicate
a thickness increase (grey arrow). Adapted with permission from American Chemical
Society, Copyright 2018.[29]

film, resulting in the so-called swelling ratio. Knowing the SLDs for the different
components, namely the as-prepared polymer and the D2O, it is possible to calculate
the amount of water ΦD2O(t) in the film. Thus, Equation 2.7 becomes to

ΦD2O(t) =
SLDmeas(t) − SLDinit
SLDD2O − SLDinit

(6.1)

and allows calculation of the water content in the film, where SLDmeas(t) is the mea-
sured mean SLDN of the film at time t, and SLDinit and SLDD2O are the SLDs for the
initially as-prepared polymer film and pure D2O, respectively.
The resulting curves for the swelling ratio d(t)/d0 and the water content Φ(t) are

depicted in dependence on the time and the relative humidity in Figure 6.6a,c and
Figure 6.6b,d, respectively. The decreased swelling ratio for the Zonyl and the EG post-
treated sample is clearly visible for both cases, with the EG-treated sample showing
the least response. Furthermore, a decreased water content is also seen, with both of
the treated samples showing a similar behavior.
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Figure 6.6
Results from the kinetic investigation of differently treated PEDOT:PSS films depicted in
Figure 6.5. Swelling ratio d(t)/d0 in dependence of measurement time (a) and time de-
pendent relative humidity (b), respectively. The corresponding fits (red) and maximum
swelling ratio (violet) for pristine (black), Zonyl (blue) and EG treated (green) samples are
shown. c,d) Analogous representation of water content Φ(D2O) in dependence on time
and corresponding relative humidity. Swelling ratio and water incorporation are significantly
decreased for Zonyl and EG treated films due to increased hydrophobicity. b) The difference
in maximum swelling ratio and measured data is clearly visible, indicating a diffusion limited
processes in the beginning. d) The water content is mainly dominated by the increased,
time dependent relative humidity. Note: b) and d) are shifted along the log-scaled y-axis for
better visibility. Adapted with permission from American Chemical Society, Copyright
2018.[29]

Using a swelling model accounting for a non-constant humidity, the resulting data
is fitted using Equation 2.8 and 2.10 to obtain more information about the time de-
pendency of the swelling process.[51–53] The selected swelling model (Section 2.2) takes
into account the swelling driven by the increasing humidity and an intrinsic swelling
kinetic, which is dominated by diffusion of the D2O molecules through the thin film
with a specific time constant τ . From this model it is possible to extract the effective
Flory-Huggins interaction parameter χeff between the polymer film and the solvent
D2O, which is a measure for the hydrophobicity of the film. The maximum swelling
ratio d∞/d0 as a function of the time-dependent humidity and depending on χeff can
be obtained numerically from Equation 2.9 and is shown together with the measured
swelling ratio in Figure 6.6a,b. The maximum swelling of the film is related to the
amount of water molecules the polymer chain can adsorb. The difference of the max-
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a) Effective interaction parameter χeff and b)
specific time constant τ obtained from ToF-
NR fit analysis. The values are extracted from
swelling ratio fits (red) and water content fits
(black) from Figure 6.6. The fast saturation
represented by the small time constant τ for the
water content fits (black) is in accordance with
Figure 6.6d where the film response is dominated
by the increasing relative humidity. The detailed
values are listed in Table 6.3. Adapted with per-
mission from American Chemical Society,
Copyright 2018.[29]

imum achievable swelling ratio of the film d∞/d0 for a given humidity to the measured
swelling ratio shows that the process is initially limited by the diffusion of D2O into
the film. At later stages, when the model fit and the maximum swelling ratio merge,
the film swelling is dominated by the relative humidity changes. This effect is in accor-
dance to the humidity dependent representation in Figure 6.6b, where the difference of
the maximum and the real swelling ratio becomes clearly visible. For a higher relative
humidity, both curves merge together.
In contrast, the water content depicted in Figure 6.6d shows a clear dependency

on the relative humidity, as visible in the exponential behavior. The measured water
content uniformly follows the increasing relative humidity in good agreement and no
delay due to diffusion effects is visible. Hence, the water content in the film is mainly
humidity driven. Consequently, the water content in the thin film is continuously
saturated with increasing relative humidity. It is noteworthy to mention that the
data depicted in Figure 6.6b,d are obtained under non-equilibrium conditions and
only render the measured data in a different representation style. For an infinite slow
increment of the relative humidity a perfect match of the maximum swelling ratio
and the measured swelling ratio is expected. The onset where the maximum swelling
ratio and the measured values merge is clearly different for the three investigated films
and occurs after around 2.0 h for the pristine film and after 3.5 h and 4.5 h for the
Zonyl-treated and the EG post-treated film, respectively. Hence, the swelling process
is limited by the diffusion of the D2O molecules into the film the most for the EG
post-treated sample, which clearly indicates a reduced water sensitivity. Figure 6.7
shows the corresponding χeff and τ values extracted from the swelling ratio and the
water content fits. Additionally, the detailed fitting values are listed in Table 6.3.
As seen in Figure 6.7a, the χeff parameter and thus the hydrophobicity is increased

in both cases for the Zonyl sample and is even more enhanced for the EG post-treated
sample. Consequently, the sensitivity against water is significantly reduced by both
treatments. Figure 6.7b shows the specific time constants of the different films ex-
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Table 6.3
Fitting results of kinetic ToF-NR measurements. Extracted from swelling ratio d(t)/d0 and
water content ΦD2O(t) fits (see Figure 6.6). The obtained values are depicted in Figure 6.7.

parameter pristine Zonyl EG

d(t)
d0

τ [min] 25.7(17) 58.2(9) 70.0(9)
χeff 0.0309(1) 0.0828(1) 0.1584(1)
B 0.780(69) 0.375(5) 0.396(6)

ΦD2O

τ [min] 10.8(32) 11.8(23) 9.4(35)
χeff 0.2682(6) 0.3997(5) 0.4238(4)
B 0.339(163) 0.222(65) 0.219(143)

tracted from the swelling and the water incorporation processes, respectively. There
is an obvious difference between the τ obtained from the swelling ratio and the τ ob-
tained from the water content. The former shows an increase, similar to the effective
Flory-Huggins interaction parameter, indicating a slower swelling process and a re-
duced water sensitivity. Accordingly, the diffusion of the water molecules into the film,
which causes the intrinsic swelling, is hindered. This is in agreement with the delayed
onset of the humidity-limited swelling mentioned above. The latter instead shows an
almost continuous small specific time constant for all three samples, indicating a fast
saturation and a weak dependency of the treatment method on the water incorporation
rate. Consequently, the specific time constant is in this case dominated by the time
evolution of the relative humidity itself, which is kept the same for all measurements.
Thus, the water incorporation is strongly humidity driven. The third required fitting
parameter B listed in Table 6.3, takes into account the sample’s geometry of a thin
film according to Li and Tanaka.[52]

The above results indicate a faster response of the films to the water uptake in
comparison to the film thickness increase. Thus, the response regarding the swelling
ratio is a delayed process, decelerated by the diffusion of the D2O molecules into the
film. This behavior is attributed to local structural changes in the polymer chain
conformation. In the case of Zonyl an amphiphilic surfactant is introduced during
sample preparation which interacts with the PEDOT and the water molecules. As
reported by Palumbiny et al., the longer hydrophilic PSS molecules coil around the
shorter PEDOT molecules and screen them from the aqueous solution.[131] By addition
of Zonyl, the interaction of PSS and PEDOT is reduced and PSS molecules are allowed
to move more freely during film formation. Hence, less PSS is bound to PEDOT and
the unbound PSS can be accumulated at the top surface. This leads to an enhanced
phase separation of PEDOT and PSS. Therefore, the PSS amount in the bulk layer is
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reduced. This is in agreement with the static humid measurement of the Zonyl-treated
sample seen in Figure 6.4b, where the SLDN and therefore the D2O content in the bulk
region is reduced in comparison to that of the pristine PEDOT:PSS sample (pristine:
4.755(9) × 10−6 Å−1, Zonyl: 4.523(9) × 10−6 Å−1). Furthermore, the transition from
bulk to PSS enrichment layer is less pronounced for the Zonyl sample, which indicates
a better intermixing of these layers. In addition, one can assume that the accumulated
excess PSS at the top surface is also partly spun off during the spin coating process.
This leads to a slightly increased PSS top layer thickness, whereas the total PSS
amount in the bulk is reduced. Zonyl itself has a boiling point of ∼80 ◦C and therefore
it is unlikely to stay in the film after the annealing process at 140 ◦C.[120]

In the case of EG post-treated films, the PEDOT crystallites get reoriented, smaller
and denser packed.[169,174] Furthermore, some of the excess PSS content, especially from
the top surface, is dissolved and washed away during the spin coating process. The loss
of PSS during spin coating is much more significant in the case of EG post-treatment
due to the second spin coating step and the high boiling point of EG compared to
water. This reduces the overall PSS content in the PEDOT:PSS and therefore the
water sensitivity of the final thin film.[174] Thus, it is very likely to suppress the water
sensitivity even further by applying similar treatments to PEDOT:PSS, which are able
to reduce the PSS content inside the film. For instance, the application of sulfuric acid
may perform very well in this case, which is part of the investigation in Chapter 7.

6.7 Summary
In summary, the swelling of pristine PEDOT:PSS thin films were compared to Zonyl
additive and EG post-treated films serving as polymeric electrodes. In situ ToF-NR
measurements under increasing high humidity conditions enabled to probe the swelling
kinetics. As-prepared, humid and dehydrated/dry PEDOT:PSS films were compared.
PEDOT and PSS enrichment layers were clearly identified at the substrate-polymer
and polymer-air interface, respectively. The increased PSS capping layer by Zonyl addi-
tion and the reduced PSS content using EG post-treatment were proven. A significant
decrease in film swelling and water uptake was observed for the Zonyl additive film.
This decrease is enhanced by EG post-treatment which originates from an increased
hydrophobicity and the hindered diffusion of water into the films. The differences
in water uptake and film swelling are also reflected in the specific time constants τ
and effective interaction parameters χeff . Hence, the water sensitivity and related in-
stabilities of PEDOT:PSS films are remarkably reduced if Zonyl additive or an EG
post-treatment is applied. The improvement for both treatments is mainly attributed
to morphological changes and the reduction of PSS content inside the film. Therefore,
besides the well-known impact on conductivity of both treatments, its beneficial in-
fluence on the water sensitivity also needs to be considered when selecting a suitable
treatment for PEDOT:PSS electrodes in organic electronic applications.
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CHAPTER7
Highly Conducting PEDOT:PSS
Electrodes

The following chapter is mainly based on the publication “Highly
Conducting, Transparent PEDOT:PSS Polymer Electrodes from Post-
Treatment with Weak and Strong Acids” (Bießmann et al., Advanced
Electronic Materials, 2019, doi: 10.1002/aelm.201800654).[30] Repro-
duced with permission from John Wiley & Sons, Copyright 2019.
Impedance spectroscopy measurements were performed in the frame of
the Bachelor’s thesis of Raphael Maier.[176] ITO-free OLED test devices
were fabricated and investigated in the frame of the Bachelor’s thesis of
Lina Maria Todenhagen.[177]

On the way towards flexible electronics, the dependency on brittle TCOs has to
be overcome. As mentioned earlier in this thesis, thin films cast from the polymer
electrolyte PEDOT:PSS provide essential characteristics in order to replace such con-
ducting metal oxides and allow the fabrication of ITO-free organic electronics. Thus,
the application of such a transparent and flexible polymeric electrode can pave the
way towards devices such as flexible OLEDs. Furthermore, ZnO scattering layers,
such as introduced in Chapter 5 for enhanced photon outcoupling, proved the use of
spray deposited PEDOT:PSS electrodes on top of such layers. However, the obtained
ZnO/PEDOT:PSS bilayers fabricated with commonly available post-treatments lacked
in conductivity, which reveal the necessity for significant conductivity improvements.

143

https://doi.org/10.1002/aelm.201800654


Chapter 7 Highly Conducting PEDOT:PSS Electrodes

As shown in Chapter 6, the PSS component serves a multifaceted purpose in the
PEDOT:PSS blend. On one hand, it allows dissolution of the polyelectrolyte com-
plex in water and therefore is necessary for processing from solution. Furthermore,
the presence of PSS is required during synthesis and induces charge carriers on the
PEDOT backbone. On the other hand, the insulating PSS component diminishes the
electrode performance of final PEDOT:PSS thin films. In addition, its hygroscopic be-
havior leads to film swelling and degradation effects that may eventually harm the final
device.[29] Thus, the use of PSS is essential during film fabrication, but disadvantageous
in the final thin film or device.
Therefore, the upcoming chapter handles the question how the PSS component may

be reduced via more effective post-treatment methods. The aspired PSS reduction is
expected to modify the films’ morphology and impart improved conductivity. In order
to evaluate the performance of the obtained PEDOT:PSS transparent electrodes, the
examined treatments are studied regarding their influence on the thin films. Hence,
their electrical and optical properties are examined in Section 7.3 and Section 7.4, re-
spectively. The obtained results are further linked to the compositional and structural
changes in Section 7.5 and Section 7.6. Finally, the performance of selected polymeric
electrodes in comparison to a standard device stack is examined in ITO-free OLEDs.

7.1 Conductivity Enhancement by Structure
Modification

As described before, PEDOT:PSS consists of the conducting and water-insoluble poly-
mer PEDOT and the electrically insulating, water-soluble PSS. PEDOT itself is a
polymer chain with a large conjugated π-electron system, which is the origin of its
conducting properties.[178] In contrast, PSS consists of a non-conjugated linear back-
bone with randomly oriented side groups. Despite its electrically insulating properties,
PSS is required during synthesis and serves as counter-ion for induced charge carriers
in PEDOT (primary doping). In order to ensure a successful synthesis and good water
solubility, PSS is usually added with excess amount. Thus, PSS takes up a multi-
faceted behavior, as shown in Chapter 6. On one hand, it is required for charge carrier
introduction/stabilization and easy processibility, which is essential for high conduc-
tivity. On the other hand, high amounts of excess PSS diminish inter-domain charge
carrier transport when fabricated as thin film, since the conducting PEDOT-rich do-
mains are usually embedded into an electrically insulating excess PSS matrix.[179] In
addition, the high amount of hygroscopic PSS is known to have a negative influence
on the conductivity of the polymer electrode and might lead to degradation in the
final device.[29] Therefore, intense research has been done to develop treatments for
enhancing the electrical conductivity of PEDOT:PSS films. Over time, different treat-
ments have been developed by applying various chemicals prior to film deposition or as
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post-treatments, ranging from high boiling point solvents (EG, DMSO, etc.)[169,180,181]

to acids and bases.[20,182–185] The improvement of electrical conductivity originates in a
manifold of different factors, aiming mostly on the reduction of insulating excess PSS
in the film and in an increased structural order of PEDOT-rich domains. To date,
high conductivities of >4000 S cm−1 have been obtained by H2SO4 treatment. Thus,
values have reached the same range as the commonly used ITO. Kim et al. reported
on a reduced PSS content due to the use of H2SO4, which dissolves and extracts the
PSS, yielding an improved overall order of the polymer film.[184,186] Mengistie et al.
reached similar high conductivities of >2000 S cm−1 with the much weaker formic acid
and attributed the change to Coulomb screening of charged PEDOT and PSS due to
a high dielectric constant of the acid.[183] Palumbiny et al. showed how the in situ for-
mation of preferred edge-on orientation of PEDOT crystallites is realized by ethylene
glycol (EG) post-treatment during printing.[187] Therefore, PEDOT:PSS has become
a viable alternative to transparent conductive oxide electrodes.
In this chapter, the influence of various strong and weak acids, together with a

commonly used EG post-treatment is investigated upon PEDOT:PSS conductivity. In
addition, the acid treatments were subjected to a H2O washing step to ensure full
removal of acid residuals and to investigate the water sensitivity and reversibility of
the expected structural improvement of the polymer electrode. An overview of the
investigated samples and their preparation is given in Section 7.2. To elaborate on the
impact of the different treatments, the electrical and optical properties are measured in
Section 7.3 and Section 7.4 in order to evaluate the polymer electrode performance by
a figure of merit (FoM, see Subsection 4.2.1). In Section 7.5, the compositional changes
regarding the PEDOT-to-PSS ratio are investigated with XPS, which is expected to
have a positive influence on the conductivity. In Section 7.6, these findings are linked
to the morphological change and the films’ crystallinity, obtained by GIWAXS, and
put together in a morphological model on the reorganization of PEDOT- and PSS-
rich domains. In Section 7.7, the best promising electrodes are implemented into a
standard OLED device stack in order to test their working performance.

7.2 Investigated Samples

A detailed overview of the fabricated samples with the introduced color code for the
present chapter is depicted in Figure 7.1. 25 × 25 mm2 sized soda-lime glass substrates
were cleaned in a hot acid bath with subsequent oxygen plasma (see page 48 & 49).
PEDOT:PSS PH 1000 stock solution was prepared according to Section 3.4 and two
layers of PEDOT:PSS were spin coated according to Subsection 3.2.1 with 1000 rpm
for 60 s with subsequent thermal annealing (10 min, 140 ◦C).
Post-treatment was performed according to Subsection 3.4.2 by drop casting con-

centrated hydrochloric acid (HCl), formic acid (HCOOH), nitric acid (HNO3), and
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pristine
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as prepared
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EG HCl HCOOH HNO3 H2SO4

PEDOT:PSS deposition
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filtration
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cleaned
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1000 rpm

Figure 7.1
Sketch of sample preparation of investigated PEDOT:PSS thin films. All pristine films (grey)
were spin coated in the same way followed by different post-treatments (see Section 3.4).
EG and acid treated samples were dried after 3 min and 10 min reaction time, respectively.
Excess EG was spun of, while acid treated samples were dried under a continuous nitrogen
flow. Additionally, a second set of acid treated samples was subjected to a H2O washing
step. Each preparation step was followed by 10 min annealing at 140 ◦C on a hot plate.
Reproduced with permission from John Wiley & Sons, Copyright 2019.[30]

sulfuric acid (H2SO4) cautiously on top of the pristine PEDOT:PSS thin films such
the whole surface was covered. After 10 min reaction time the samples were dried
under a continuous nitrogen flow and placed on a hot plate for 10 min at 140 ◦C.
Additionally, a second set of acid treated samples were subjected to a H2O washing

step – marked with (W) – to ensure full removal of any possible acid residuals in the
film and to investigate the stability of the improved structure. These samples were
dried following the same procedure as explained above. As a reference, a pristine
PEDOT:PSS film together with the well established EG post-treatment was taken,
where EG was drop cast on the thin films and spun off after 3 min soaking time,
followed by additional annealing for 10 min at 140 ◦C.[169]

7.3 Electrical Characterization

The performance of the polymeric electrodes is described by their DC and AC con-
ductivity. The in-plane DC conductivity of the present samples was obtained via
four-point probe measurements (see Subsection 4.2.1) and used for further evaluation
in Subsection 7.3.1. However, many electronic devices rely on alternating current. For
example OLED devices may be operated with pulse-width modulation in order to save
energy and increase the device lifetime. More important is the material behavior for
application in integrated circuit components such as OFETs, where fast switching and
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Figure 7.2
a) Film thickness and b) conductivity of
post-treated PEDOT:PSS films. A correla-
tion between decrease in film thickness and
increase in conductivity can be observed.
Non-washed treatments are depicted with
dot-symbols for pristine (grey), EG (blue),
HCl (purple), HCOOH (green), HNO3 (or-
ange), and H2SO4 (red). Subsequent wash-
ing with water after the respective acid
treatment is represented with circles and the
label (W). For high dielectric solvents, a de-
crease in conductivity after washing is ob-
served. Reproduced with permission from
John Wiley & Sons, Copyright 2019.[30]
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thus a change of the direction of current with high frequency is required. Therefore,
the electrode response regarding an alternating current was measured in addition via
impedance spectroscopy (see Subsection 4.2.2) and is discussed in Subsection 7.3.2.

7.3.1 DC Conductivity

The obtained thin films were investigated regarding their DC conductivity by perform-
ing four-point measurements on several positions on each sample. The corresponding
thicknesses were determined and considered for the in-plane conductivity calculations.
Figure 7.2 shows the thickness along with the corresponding conductivity for the dif-
ferent treatments employed. All treatments – except for HCl – yield a decrease in
the original film thickness. The initial thickness of (165 ± 6) nm for the pristine films
is reduced to a minimum value of (66 ± 2) nm for HNO3 treated films, which is an
indication for material loss and is in agreement with earlier studies.[182,184] The con-
ductivity for all treatments increases significantly up to three orders of magnitude from
(7 ± 1) S cm−1 (pristine) up to (2940 ± 330)S cm−1 (H2SO4).
The loss in material is mainly attributed to a selective removal of insulating excess

PSS in the film, which enhances the inter-grain charge transport between PEDOT-
rich domains. Thus, the conductivity rises. The effectiveness of the removal seems
to be related to the acids’ strength and to their dielectric constants.[183] The corre-
sponding values of the used acids are listed in Table 7.1. Interestingly, HCl treatment
did not lower the film thickness significantly, which is probably related to the low di-
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Table 7.1 Dissociation constants pKa and dielectric constants εr of the used acids.

EG HCl HCOOH HNO3 H2SO4

pKa 15.1[188] -7[189] 3.75[188] -1.3[189] -3[189]

εr 41.4[188] 4.6[190] 51.1[188] 50[190] 101[191]

electric constant compared to the other acids. Anyhow, the conductivity is increased
to (392 ± 29)S cm−1 without any loss in material, which supports the notion that
the conductivity also depends on structural rearrangement and phase separation of
the PEDOT- and PSS-rich regions.[184,187] Interestingly, the H2O-washed HNO3 and
H2SO4 samples show a drop in conductivity to ∼1000 S cm−1 without a large thickness
reduction, which indicates a reversibility of the adjuvant effect of phase separation
induced by acid treatments. Meanwhile, washing of the HCl and the HCOOH treated
samples seems to impact neither the film’s thickness nor its conductivity.

7.3.2 AC Conductivity

As the field of application in organic electronics is not limited to DC powered devices it
is of interest to investigate the AC response of polymeric electrodes. Therefore, their
potential use for integrated circuits such as OFETs or PWM powered OLEDs was
tested in the frame of the Bachelor’s thesis of Raphael Maier.[176] In order to examine
the conducting behavior for an alternating current on highly conducting polymeric
electrodes, impedance spectroscopy measurements on selected PEDOT:PSS electrodes
were performed according to Subsection 4.2.2. Beside pristine PEDOT:PSS, samples
treated with EG, HCOOH and H2SO4 including subsequent H2O-washing were tested
regarding their AC response from 1 MHz to 1 Hz. The so-called Nyquist plot of the
pristine PEDOT:PSS sample depicted in Figure 7.3d shows clearly a semicircle in
the positive sector, which is typical for a high contribution of a combined capacitor
and resistor. The response to the AC input becomes more obvious in the so-called
Bode plots (Figure 7.3b,c). In this case, the modulus (∣Z∣) and the phase (Φ(Z))
of the impedance Z are separately plotted in dependence of the applied frequency.
Consequently, an ohmic behavior shows a constant horizontal line, while a conductance
and an inductance show a drop and an increase for higher frequencies, respectively. In
the case of pristine PEDOT:PSS the dependency of the absolute impedance from the
applied frequency in Figure 7.3e shows a high value of ∣Z∣ ≈ 25 kΩ for low frequencies
and a decay for higher frequencies. The phase shift shown in Figure 7.3f represents the
typical behavior of a capacitor with an increasing shift down to Φ ≤ −75° for higher
frequencies. Therefore, the AC response of pristine PEDOT:PSS can be modeled
with an equivalent circuit consisting of a parallel connected capacitor and resistor, as
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Figure 7.3
Impedance spectroscopy measurements including their fits (red) for selected high conduct-
ing polymeric electrodes. EG, HCOOH and H2SO4 treated PEDOT:PSS electrodes in-
cluding H2O-washed ones (top row) and pristine PEDOT:PSS (bottom row). The data is
represented in so-called Nyquist plots (a, d) and Bode plots (b, c, e, f). While pristine
PEDOT:PSS clearly shows the behavior of a capacitor, the polymeric electrodes are best
described via a combination of resistance and inductance.

depicted in Figure 7.4c. Thus, values of R3 = 793 Ω, R4 = 24.2 kΩ, and C4 = 74.8 pF
for the resistances and the capacitance are obtained, respectively. The contribution
of the wiring and contacts for all fits is addressed by a serial connection of a R1 =

10.5 Ω resistance and a L1 = 2.5 µH inductance (Figure 7.4a), which is connected in
series to the equivalent circuits depicted in Figure 7.4b,c. The high resistance for low
frequencies is in accordance to the measured DC conductivity discussed earlier and can
be explained with the high PSS content and the presence of a PSS capping layer. This
capping layer inhibits charge introduction into the conducting regions of the polymer
and serves as insulating high dielectric material between the evaporated gold contacts,
yielding the capacitive behavior for high frequencies.
The examined polymeric electrodes draw a different picture. As depicted in the

Nyquist and Bode plots in Figure 7.3a-c, all samples reveal a typical inductive behavior
and are only shifted on the Re(Z) axis. Therefore, they show ohmic behavior over
a wide range of frequencies as seen in Figure 7.3b. The impedance starts to rise for
f > 100 kHz, which becomes apparent in the positive phase shift in the same frequency
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R1 L1

a) Wires and contacts

R2 Lα2

b) Polymeric electrode

R3

C4

R4

c) Pristine PEDOT:PSS

Figure 7.4
Used equivalent circuits of wiring and contacts (a), acid treated highly conducting
PEDOT:PSS electrodes (b) and untreated pristine PEDOT:PSS (c). For all fits the contri-
bution of wires and contacts is considered in an additional serial connection of a) with b) or
c). a) Wires and contacts are considered as serial connection of resistance R1 and induc-
tance L1. b) Highly conducting PEDOT:PSS is modeled with a resistance R2 and a modified
inductance Lα2. c) The model for untreated PEDOT:PSS consists of the resistances R3
and R4 and the capacitance C4.

region in Figure 7.3c. Therefore, the polymeric electrodes can be modeled with an
equivalent circuit consisting of a serial connected resistance and a modified inductance
as depicted in Figure 7.4b. As a perfect inductance would be present with a vertical
line in the Nyquist plot, the ideality factor α is introduced in order to consider for
the slight slope of the data curve visible in Figure 7.3a. The deviation from the ideal
inductance is commonly referred to surface defects and the interface roughness between
the contact and the probed sample. Since impedance spectroscopy is an integrative
measurement technique, such defects cannot be resolved and are typically accounted
for by the ideality factor of the measured inductance.[137] The fit results are depicted
in Figure 7.5, where the ideality factor is α ≈ 0.5 for all fits. The inductance for all
samples is fairly small around ∼1 mH and is increased for the washed H2SO4 sample,
as depicted in Figure 7.5a. Thus, the inductance for the samples is found to be ∼103

larger than the contribution of the wires, which is probably related to the slower charge
carrier mobility caused by counter-ion movement. The obtained ohmic resistances for
the different samples are lower compared to the DC sheet resistance obtained from
four-point measurements (Figure 7.5b). This lower value is most probably related
to the measurement geometry and the contacting method. To obtain reproducible
measurements, it was necessary to partly remove the PEDOT:PSS film and evaporate
the gold contacts across the exposed film’s ridge. As shown in Figure 4.4, the needle
contacts are placed on the gold covered area of the substrate. On one hand, the
measurement is then not disturbed by the varying contact pressure of the needles
to the PEDOT:PSS thin film (see Subsection 4.2.2). On the other hand, the gold
contacts provide a connection to the sample’s surface and its edge, which results in
additional channels for current flow through the sample that reduces the obtained
resistance. Therefore, the offset is most probably related to effects caused by the
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Figure 7.5
Fit results for EG, HCOOH and H2SO4
treated PEDOT:PSS electrodes (including
H2O-washed ones). Fits were performed with
an equivalent circuit consisting of a non-ideal
inductance (a) and a resistance (b). The resis-
tance is underestimated compared to the plot-
ted DC sheet resistance obtained from four-
point measurements (□), most probably re-
lated to the measurement geometry setup, as
explained in the main text.
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described sample geometry leading to a deviation in the measured resistance. However,
the measured resistance from impedance spectroscopy follows the same trend as the
sheet resistance obtained from four-point measurements. Taking into account the
Bode plots in Figure 7.3b,c, it becomes obvious that the selected polymeric electrodes
are highly conductive and only show an influence of the inductance for frequencies
>100 kHz. Below this critical value, the electrodes behave like ohmic resistors with
high conductivity, as seen in Subsection 7.3.1. Therefore, the investigated samples
might be used for applications with alternating current and could be employed for ICs
up to operational frequencies of ∼100 kHz.

7.4 Optical Properties

Beside the electrical conductivity, the light transmission through a transparent elec-
trode is of high importance as well. The aim for well performing transparent electrodes
is a high electrical conductivity in combination with low absorbance in the visible re-
gion of light. In Figure 7.6 the absorption coefficient and the figure of merit (FoM)
for the different treated films are depicted. The FoM is a measure for the perfor-
mance of transparent electrodes and considers its DC conductivity. It is calculated
as function of the optical wavelength according to Scardaci et al. (Equation 4.9).[134]

Values above 35 are considered as suitable for industrial applications. Therefore, all
treatments obtain a well performing transparent electrode. The main change in the
absorption spectra is located in the near infrared region, while the absorption around
400 nm stays almost constant, which is the reason for the intensified blueish color of
the treated films. The absorption coefficient reveals an up to three times higher ab-
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Figure 7.6
a) Absorption coefficient and b) figure of merit (FoM) of treated PEDOT:PSS thin films:
pristine (black), EG (blue), HCl (purple), HCOOH (green), HNO3 (orange), H2SO4 (red),
with subsequent H2O-washing (dotted lines). Absorption coefficients (a) are increased for
acid treated samples, indicating a higher charge carrier density. Neutral (N) and polaronic
(P) states are enhanced for H2O-washed HNO3 and H2SO4 samples. In contrast, subse-
quent H2O-washing on HCl and HCOOH samples show no change in absorption spectra.
Reproduced with permission from John Wiley & Sons, Copyright 2019.[30]

sorption in the near infrared region for acid treated samples, indicating a densification
of thin films and an increased number of charge carrier states.[170,192] This effect is
related to an additional secondary doping of PEDOT chains, caused by structural re-
arrangements in the film and goes along with increasing conductivity. Furthermore,
washing of the high conducting HNO3 and H2SO4 samples yields an increasing ab-
sorption around 600 nm – 900 nm, indicating a reduced number of bipolaronic states
(>1250 nm) in favor of increased polaronic (∼900 nm) and neutral (∼660 nm) states
caused by a dedoping effect of the PEDOT chains.[192]

7.5 Surface Compositional Analysis via XPS

X-ray photoelectron spectroscopy (XPS) was used to examine the impact of acid
treatment upon PSS extraction. All spectra were referenced to the C 1s level set to
285.0 eV[167] and are shown in Figure 7.7. The high resolution spectra reveal two dom-
inating features in the S 2p spectral region that are readily attributed to the presence
of PSS and PEDOT at a binding energy of ∼168 eV and ∼164 eV, respectively.[167,193]

The energy splitting and the intensity ratio of S 2p1/2 and S 2p3/2 were fixed at 1.2 eV
and 1 ∶ 2, respectively. In addition, the FWHM of these features is reasonably ex-
pected to be identical for both components of the doublet.[167,182,193] A comparison
of the relative intensities of these spectral components is expected to provide insight
into the effectiveness of PSS removal. Qualitative inspection of the spectra of the EG-
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Figure 7.7
S 2p high resolution XPS spectra including fits for PEDOT (red), PSS (blue) and its super-
position (purple). a) Pristine PEDOT:PSS, b) EG; c,d) HCl, e,f) HCOOH, g,h) HNO3, i,j)
H2SO4 treatment and their washed counterparts, respectively. Each peak is fitted according
to the S 2p doublet (S p1/2, S p3/2). k) Binding energy of S p3/2 contribution for PEDOT
(∼164 eV, ▼-symbols) and PSS (∼168 eV, ▲-symbols). The third signal (◆) for H2SO4
treatment around ∼169 eV arise from sulfuric acid residuals. l) PEDOT:PSS ratio calculated
from area comparison of S 2p fits. Hollow symbols represent washed samples. Adapted with
permission from John Wiley & Sons, Copyright 2019.[30]

treated samples (Figure 7.7b) compared to the pristine samples (Figure 7.7a) shows
a slight change in intensity towards higher PEDOT content. This is in agreement
with the reported reduced PSS capping layer for EG post-treatment.[174] Otherwise,
the spectra for HCl, and HCl (W) (Figure 7.7c,d) were seemingly indistinguishable
from the pristine sample (Figure 7.7a), indicating negligible PSS removal. In contrast,
HCOOH-treated (Figure 7.7e) and subsequent H2O-washed samples (Figure 7.7f) re-
veal a reduced PSS signal in combination with an increased PEDOT signal, indicating
extraction of PSS. Finally, for HNO3 and H2SO4 treated samples (Figure 7.7g,i), in-
cluding their H2O-washed counterparts (Figure 7.7h,j), the reduction of the intensity
of the PSS spectral feature is more clearly visible, which is consistent with a substantial
lowering of the PSS content. Washing treated samples with water (Figure 7.7d,f,h,j)
has only a limited impact on the composition regarding PSS extraction. It is of inter-
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est to note that the H2SO4-treated sample (Figure 7.7i,j) shows an additional broad
emission at ∼169 eV that can be attributed to residuals of sulfuric acid,[194] which were
dissolved and removed in the subsequent H2O washing step.
In addition to providing a probe of the material atomic composition, XPS allows

the evaluation of changes in the oxidation states of atomic species, which becomes
apparent in a shift in binding energy. In order to evaluate the impact of the acid
treatments on the oxidation states of the sulfur containing components of the present
polymers the binding energies of the S 2p3/2 emission for PEDOT and PSS was de-
termined (Figure 7.7k). The maximum shift of ∼0.6 eV towards lower binding ener-
gies of the PEDOT emission indicates a change in the electronic environment of the
sulfur atom, which can be ascribed to a reduced average oxidation level of the thio-
phene sulfur of PEDOT. This might be a result of the reduction of the insulating
PSS component and a possible ion-exchange by acid treatment, as observed by Wang
et al. for a similar system.[195] Furthermore, a reduced oxidation level could indicate
a dedoping effect, which would lead to a reduced charge carrier concentration.[20,185]

Additionally, the binding energy of the sulfone group in PSS is reduced by ∼1.7 eV
consistent with protonation of the PSS-SO3

– -groups;[20] this protonation is expected
to be beneficial for efficient PSS Coulomb screening and the subsequent removal during
acid treatment/H2O-washing. To quantify the PSS extraction, the S 2p peak areas of
PEDOT and PSS were compared. The calculated PEDOT-to-PSS ratio is depicted
in Figure 7.7l, showing a notable reduction of PSS after HNO3 and H2SO4 treatment;
this is beneficial for enhanced conductivity (vide supra). The present evaluation also
indicates that the effectiveness of PSS removal correlates with the acid’s strength and
the Coulomb screening potential of the solvents/acids employed, which is discussed in
more detail later on.
In addition, high resolution XP scans of Cl 2p and N1s core-level regions exhibit no

detectable increase in chlorine or nitrogen content for HCl and HNO3 treated samples,
respectively. Therefore, an intercalation of Cl– or NO3

– -ions is less likely. In contrast,
sulfuric acid treated samples show a strong emission at ∼169 eV, which is attributed
to H2SO4;[194] the appearance of this suggests an exchange of partially charged PSS
with HSO4

– -ions may have occurred.

7.6 Structural Analysis via GIWAXS

As mentioned earlier, the spectroscopic investigations together with the reduced thick-
ness and the XPS measurements suggest an extraction of excess PSS yielding an en-
hanced PEDOT-to-PSS ratio in favor of conducting PEDOT. However, taking a look
at the increased conductivity for HCOOH, EG and especially HCl treated samples, in
which cases almost no decrease in film thickness is observable, the extraction of PSS
alone cannot explain the tremendous increase in the conductivity of the films. There-
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fore, the films were examined with GIWAXS, which enables to probe the crystalline
part of the films in terms of orientation and structure. In addition, information about
the PEDOT-to-PSS ratio in the crystalline regions can be extracted. In contrast to
XPS, where the information depth of the detected electrons is limited to the top-most
layers of the film and therefore can be considered as surface sensitive, GIWAXS allows
probing the inner film structure in combination with a large film volume. This reveals
detailed information from the inner film with high statistical relevance.

7.6.1 Crystal Orientation

In Figure 7.8 the obtained 2D GIWAXS patterns are depicted for pristine PEDOT:PSS
(a) films, together with EG (b), HCl (c), HCOOH (e), HNO3 (g) and H2SO4 (i) treated
ones. Figure 7.8d,f,h,j shows HCl, HCOOH, HNO3, H2SO4 treated films additionally
subjected to H2O-washing. Figure 7.9 shows the same measurements in different rep-
resentation style, for better visibility of the crystallite orientation and their absolute
q-values. The 2D patterns clearly show distinct Bragg peaks in qz-direction, indexed
with {100}, coming from an alternating lamellar stacking of PEDOT and PSS, which
was often seen in GIWAXS and XRD investigations on PEDOT:PSS films.[182,197,198]

The H2SO4-treated sample in Figure 7.8i shows the most distinct Bragg peaks in qz-
direction, which can be attributed to a very high morphological order and goes along
with the highest conductivity values among the investigated samples. This supports
the link between a well developed order of the crystalline structure and high conduc-
tivity. However, this high order is obviously destroyed by subsequent H2O-washing.
In addition, for the pristine sample (Figure 7.8a) a very intense non-oriented sig-
nal is observed around q ≈ 1.3Å−1, which is attributed to the amorphous PSS π–π
stacking distance of d ≈ 4.8Å.[197] Interestingly, the amorphous PSS signal is reduced
for the different treatments, confirming removal of the excess PSS in the films. The
least amorphous PSS signal is seen for the HNO3- and H2SO4-treated films, which
goes along with the remarkable thickness decrease caused by these treatments as seen
in Figure 7.2a. From below the reduced amorphous PSS signal, additional distinct
and oriented Bragg peaks appear especially pronounced for HNO3- and H2SO4-treated
films (Figure 7.8g,i). Figure 7.9 shows, these distinct Bragg peaks are located around
χ = 60° and q = 1.25Å−1. Those peaks might originate from an oriented PSS π–π
stacking, which might be induced through a templating effect of neighboring and crys-
tallizing PEDOT domains that forces the PSS to a higher morphological order. Along
with the reduced PSS content an additional oriented Bragg peak around χ = 40° and
q = 1.75Å−1 is revealed and might be related to an additional orientation of PEDOT
π–π stacking between the face-on and the edge-on (020) stacking. These additional
peaks are usually hidden under the signal coming from the non-oriented PEDOT π–
π stacking. Thus, typically, they are not distinguishable from the very broad signal
coming from the face-on and edge-on orientation and were formerly assigned to a shift
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Figure 7.8
2D GIWAXS data of treated PEDOT:PSS samples: a) Pristine, b) EG, c,d) HCl,
e,f) HCOOH, g,h) HNO3, i,j) H2SO4 treatment and their H2O-washed counterparts, re-
spectively. Acid treated samples reveal a reduced amorphous PSS signal and high crystalline
order. Different vertical lamellar stacking (marked with I/II in a) and increased PEDOT
edge-on π–π stacking is observed. Reflexes corresponding to lamellar and PEDOT π–π
stacking of (100) and (020) are exemplarily marked in a) and i) together with the π–π
stacking attributed to PSS. The unassigned reflexes marked with ? might be related to a
(111) reflex.[196] Adapted with permission from John Wiley & Sons, Copyright 2019.[30]
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Figure 7.9
χ-reshaped 2D GIWAXS data, showing the absolute q-value in relation to the azimuthal
orientation angle χ of its crystallites in PEDOT:PSS thin films. a) Pristine, b) EG; c,d) HCl,
e,f) HCOOH, g,h) HNO3, i,j) H2SO4 treated films and their H2O-washed counterparts. The
scattering signal around q ≈ 1.3 Å−1 coming from the amorphous PSS is significantly reduced
for HNO3 and H2SO4 treated films, which reveals a high ordered signal around χ ≈ 60°
orientation angle. High orientation and lamellar stacking is altered by subsequent H2O-
washing. Reproduced with permission from John Wiley & Sons, Copyright 2019.[30]
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in the PEDOT π–π stacking distance.[187] In the present case, the signal is clearly
separated from the PEDOT face-on and edge-on π–π stacking and therefore is identi-
fied as an additional peak. Furthermore, Aasmundtveit et al. predicted for a similar
system of PEDOT:Tos the appearance of an intense (111) reflex, which is only visible
for a highly ordered system.[196] Hence, the appearing peaks might be related to the
predicted reflex. In any case, the aforementioned scattering features are an additional
indication for high crystallinity and order. For a detailed analysis, sector integrals in
edge-on (χ = 70° – 85°) and face-on (χ = −16° – 16°) direction were performed, which
are depicted in Figure 7.12 and Figure 7.15, respectively and are discussed later on in
detail.

7.6.2 PEDOT-to-PSS Ratio

The assignment of the non-oriented ring located at q ≈ 1.3Å−1 to the amorphous
PSS π–π stacking allows for using the signals’ intensity as measure for the amount of
excess PSS in the film. Therefore, it enables for a comparison of the PEDOT-to-PSS
ratio for the different treatments by comparing the signals’ intensities of PEDOT and
PSS. In order to achieve better statistics, so-called powder integration cuts ranging
from χ = −50° – 85° were performed and are depicted in Figure 7.10. Comparing
the peak areas attributed to the PSS and the PEDOT π–π stacking (q ≈ 1.8Å−1)
allows to make statements on the PEDOT-to-PSS ratio inside the films, which is
depicted in Figure 7.11d and is in agreement with the XPS results shown in Figure 7.7l.
The pristine PEDOT-to-PSS is calculated to be 0.8, which is not altered by the HCl
treatment. EG and HCOOH post-treatment show a slight increase towards 1.3 and 1.6,
respectively. HNO3 and H2SO4 reveal a strong increase in PEDOT-to-PSS ratio to 2.8
and 2.4, following the reduced thickness trend and indicating an enhanced conductivity
for these treatments as shown in Figure 7.2. Taking a look at the dissociation (pKa)
and dielectric (εr) constants of the used acids, the ability to extract PSS from the film
and therefore increase the conductivity appears enhanced for strong acids, except for
HCl treatment (Figure 7.11a,b). This is in agreement with the earlier discussed data
and is confirmed with the PEDOT-to-PSS ratio in dependence on the dissociation
and dielectric constants in Figure 7.11c,d. Especially, the different conductivities with
very similar dielectric constants for EG, HCOOH and HNO3 treated samples show the
importance of the acids’ strength on PSS removal.
This indicates a separation of PSS and PEDOT if the acid’s dissociation constant

is smaller than the one of sulfonic acid. Hence, protonation of the PSS’ sulfonate
group can happen, which is in agreement with its reduced binding energy for HNO3-
and H2SO4-treatments (Figure 7.7k). Therefore, the Coulomb interaction between
PEDOT and PSS chains is altered. Furthermore, it has been shown by several groups
that efficient extraction of PSS from the film is related to the Coulomb screening
ability of the used solvent towards the PSS’ sulfonic group.[182–184,199] The conductivity
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Figure 7.10
a) Exemplary powder integration of χ = −50° – 85° on pristine PEDOT:PSS. The color
scale represents the measured intensity in arbitrary units. b) Corresponding cuts for pristine
(black) and EG treated (blue) sample. Powder integration cuts for acid-treated (filled dots)
and subsequent H2O-washed (hollow circles) samples for c) HCl, d) HCOOH, e) HNO3, and
f) H2SO4, respectively. Different types of lamellar (100) stacking are exemplarily marked
with I/II in c). Peaks around q = 1.3 Å−1 and 1.8 Å−1 are attributed to the (non-)oriented
PSS and PEDOT π–π stacking, respectively. Adapted with permission from John Wiley
& Sons, Copyright 2019.[30]

dependence on the dielectric constant of the used solvent is depicted in Figure 7.11b.
High dielectric solvents perform very well in screening the positive charge of PEDOT
chains from the negative charge of PSS, respectively. Therefore, PSS and PEDOT
chains can undergo phase separation more easily and PSS is extracted together with
the solvent in subsequent washing and/or drying steps. This explains why HCl having
a dielectric constant of ∼5,[190] even being a strong acid, performs poorly regarding
PSS extraction, while the weaker formic acid (HCOOH) with a dielectric constant of
51.1[188] performs very well. Therefore, it can be concluded that a dissociation constant
smaller than that of PSS in combination with a high dielectric constant is beneficial
for efficient PSS extraction.
Furthermore, except for the H2SO4 treatment, the following H2O washing step shows

less influence on the thickness and on the PEDOT-to-PSS ratio, indicating almost no
additional removal of PSS. By considering the argument that an enhanced PEDOT-
to-PSS ratio is beneficial for enhanced conductivity, the increased ratio for the washed
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Figure 7.11
Dependency of DC conductivity σ on a) dissociation constant pKa and b) dielectric constant
εr of the used acids/solvent. The used values are listed in detail in Table 7.1. e) The
PEDOT-to-PSS ratio was extracted from powder integration cuts (χ = −50° – 85°) on 2D
GIWAXS patterns depicted in Figure 7.10. The same PEDOT-to-PSS ratio in dependence
on pKa and εr is shown in c) and d), respectively. HCl treatment (purple) shows no change
in PEDOT-to-PSS ratio, while EG (blue) and HCOOH (green) reveals a slight change.
HNO3 (orange) and H2SO4 (red) shows a strong change towards an increased PEDOT-to-
PSS ratio, indicating PSS removal. The increased ratio for H2SO4 (W) might be related
to a loss in crystallinity in the region of the PSS signal. Comparison of HNO3, HCOOH
and EG shows a combination of high dielectric constant and small dissociation constant
is beneficial for efficient PSS extraction. Adapted with permission from John Wiley &
Sons, Copyright 2019.[30]
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H2SO4 treatment is counterintuitive. This might be related to a decreased crystallinity
and order of crystallites, which is indicated by the reduced intensity of the newly
exposed peaks around χ = 60° and q = 1.25Å−1 in Figure 7.8i. In fact, the subsequent
H2O treatment reveals a maximum conductivity of σ ≈ 1000 S cm−1, showing no change
in conductivity for HCl and HCOOH treated samples, but a significant reduction for
HNO3 and H2SO4 treated samples. This is evidence for a structural rearrangement
inside the film and might be an indication for a reversal of PEDOT and PSS phase
separation.

7.6.3 Morphological Reorientation

The conductivity enhancement of PEDOT:PSS thin films upon different treatments
is related to the ratio of electrically conducting PEDOT to insulating PSS and to the
degree of short-range and long-range order of PEDOT crystallites. The edge-on sector
integrals depicted in Figure 7.12 were fitted applying several Gaussians to reproduce
the entire scattering curve. The three distinct peaks at ∼0.30Å−1, ∼1.25Å−1 and
∼1.8Å−1 are attributed to a stacking of alternating PEDOT and PSS, the PSS π–π
stacking, and the PEDOT π–π stacking, respectively.[196,200]

It has been shown that a high content of edge-on stacked PEDOT crystallites is
favorable for in-plane charge carrier transport, due to the strong π-overlap of the sp2

hybrid orbitals of stacked PEDOT chains.[187,201] Therefore, a small stacking distance
is favorable for good conductivity. Figure 7.13a shows the corresponding stacking
distance d of PEDOT crystallites, determined from the fits on the edge-on sector
integrals. The peak positions change slightly by the different treatments compared
to the pristine sample depicted in Figure 7.12b. The stacking distance changes from
3.57Å for pristine PEDOT:PSS towards more densely packed PEDOT crystallites
with 3.38Å for H2SO4-treated samples and goes along with the enhanced conductivity
upon the different treatments. This densification is in agreement with the increased
absorption of visible light in Figure 7.6a. Applying Scherrer’s equation (Equation 2.41)
with the FWHM of the fitted peaks one can calculate the apparent crystallite size
D, which is depicted in Figure 7.13b and shows an increased value for the different
treatments. In combination with the fitted stacking distance one can estimate the
average number N of stacked PEDOT chains (Figure 7.13c). This quantity ranges
from 3.17 ± 0.04 for the pristine sample to 4.45 ± 0.06 for the HNO3 treated one.
Therefore, the PEDOT crystallite size increases while the stacking distance of the
single chains decreases on average, which goes along with the enhanced conductivity
for the different treatments. The large difference in electrical conductivity for HNO3-
and H2SO4-treated samples compared to their H2O-washed counterparts – despite
the almost constant PEDOT π–π stacking distance – draws attention to the later on
discussed lamellar stacking of PEDOT:PSS chains in the low q-region.
Furthermore, the intensities and shapes of the distinct edge-on peaks in Figure 7.12
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Figure 7.12
a) Exemplary edge-on sector integration of χ = 70° – 85° on pristine PEDOT:PSS. The
color scale represents the measured intensity in arbitrary units. b) Corresponding cuts for
pristine (black) and EG treated (blue) sample. c-f) Edge-on cuts for acid treated (filled dots)
and subsequent H2O-washed (hollow circles) samples for HCl, HCOOH, HNO3, and H2SO4,
respectively. Adapted with permission from John Wiley & Sons, Copyright 2019.[30]

change significantly with the treatment. Comparing the signal which is attributed to
the PSS π–π stacking, the reduced PSS content for the different treatments is clearly
visible and already discussed earlier on Figure 7.11. The HCl-treated samples in Fig-
ure 7.12c show almost the same shape as the pristine sample, indicating no significant
PSS extraction, which is in accordance to the calculated PEDOT-to-PSS ratio and
the comparable low conductivity. Treatments that yield higher conductivities show a
reduced PSS signal while the signal coming from the edge-on oriented PEDOT π–π
stacking is enhanced, e.g., for HNO3 and H2SO4 treatment in Figure 7.12e,f. Fur-
thermore, the signal located around q ≈ 0.30Å−1 can be attributed to a non-oriented
lamellar stacking of type I for PEDOT and PSS (Figure 7.14a). This stacking is most
pronounced for pristine PEDOT:PSS and least for H2SO4 treatment, which goes along
with the strong orientation in qz-direction of the latter. In addition, the position of
the non-oriented stacking shifts from ∼0.36Å−1 (pristine) to ∼0.29Å−1 (EG) while
the peak intensity is reduced for all treatments, indicating a reduced amount of non-
oriented PEDOT:PSS. Furthermore, the influence of the subsequent H2O washing can
be seen in an increased intensity for HNO3 (W) and H2SO4 (W), while the Bragg peak
is not changing for the washed HCl- and HCOOH-treated samples. Thus, the drop in
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Figure 7.13
a) π–π stacking distance of edge-on
oriented PEDOT crystallites. b) Ap-
parent crystallite size of edge-on ori-
ented PEDOT. c) Average number
of stacked PEDOT chains per crys-
tallite. Decreased stacking distance
goes along with increased crystallite
size and number of stacked chains.
Adapted with permission from John
Wiley & Sons, Copyright 2019.[30]

3.4

3.5

d[
Å]

a)

12

14

siz
e[

Å]

b)

pr
ist

in
e EG HC
l

HC
l (

W
)

HC
OO

H
HC

OO
H 

(W
)

HN
O 3

HN
O 3

 (W
)

H 2
SO

4

H 2
SO

4 (
W

)

3.5

4.0

4.5
N

c)

Figure 7.14
Two different types of lamellar stacking of alternating PEDOT and PSS chains that differ in
the lattice spacing a in [100] direction. The lattice spacing b and c correspond to the [010]
and [001] crystal direction, respectively.[196] Adapted with permission from John Wiley
& Sons, Copyright 2019.[30]
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conductivity upon washing for HNO3- and H2SO4-treated samples is related to a ran-
domization of the lamellar stacking orientation of PEDOT:PSS accompanied by a lost
degree of order. By contrast, HCl- and HCOOH-treated samples seem to be resistant
upon subsequent H2O-washing, due to the constant peak shape and intensity. How-
ever, the Bragg peak intensity is decreased from pristine, EG, HCl, HCOOH, HNO3
to H2SO4 treatment, which goes along with the conductivity enhancement. Despite
the relatively small conductivity for HCl- and HCOOH-treated PEDOT:PSS, their re-
silience against H2O is remarkable, while the highly conductive samples obtained from
HNO3- and H2SO4-treatment suffer strongly from water induced degradation.

7.6.4 Vertical Lamellar Stacking

Figure 7.15 shows the sector integrals in face-on direction, giving information about
the lamellar PEDOT:PSS stacking in qz-direction. The applied treatments yield a
very different scattering pattern in vertical direction. All samples show distinct peaks,
which vary in q-spacing and intensity. The signals around q ≈ 1.3Å−1 and 1.8Å−1

are again attributed to the PSS and PEDOT π–π stacking, respectively. The scat-
tering peaks around q ≈ 0.3Å−1 and 0.5Å−1, corresponding to a stacking distance
of d ≈ 21Å and 12Å, are assigned to two different lamellar stacking types of alter-
nating PEDOT and PSS chains (types I and II in Figure 7.14).[202] An increase in
lamellar stacking is attributed to an enhanced orientation and/or crystallization of
the PEDOT and PSS chains. PSS-rich samples seem to prefer stacking type I (Fig-
ure 7.15b-d), which also show a tendency for non-oriented stacking (Figure 7.12b-d).
Those treatments reveal a less efficient PSS removal, which gives on one hand an en-
hanced in-plane conductivity owed to the enhanced order. On the other hand, the high
PSS content still limits the samples’ conductivity.
Interestingly, HCl treatment, where the least efficient PSS removal is observed, show

an enhanced stacking type II (Figure 7.15c). This stacking type is attributed to a more
compact PEDOT:PSS stacking, which suggests an enhanced charge transport between
the different PEDOT-rich domains owed to the reduced distance. However, in the
case of HCl treatment, the advantage of ordered stacking regarding the conductivity is
diminished by the high PSS content in the film. Both, HNO3- and H2SO4-treatments
(Figure 7.15e,f) show a different picture. These treatments provide very efficient PSS
removal forcing the system to an efficient PEDOT:PSS packing, which is fulfilled with
stacking type II. In this case, the H2SO4-treatment even shows a very intense second
order of the lamellar stacking.[184,196] In combination with the reduced PSS content this
leads to a remarkably enhanced conductivity. However, subsequent H2O-washing yields
a peak broadening and the appearance of a shoulder at smaller q-values. Especially the
washed H2SO4 sample shows a reduced order as observed through the vanishing of the
2nd order Bragg peak in combination with a peak broadening and the appearance of an
additional feature around q ≈ 0.44Å−1. This might be related to the aforementioned
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Figure 7.15
a) Exemplary face-on sector integration of χ = −16° – 16° on pristine PEDOT:PSS. The
color scale represents the measured intensity in arbitrary units. b) Corresponding cuts for
pristine (black) and EG treated (blue) sample. c-d) Face-on cuts for acid treated (filled
dots) and subsequently H2O-washed (hollow circles) samples for HCl, HCOOH, HNO3, and
H2SO4, respectively. Adapted with permission from John Wiley & Sons, Copyright
2019.[30]

high dielectric constant and acid strength. Since the pKa values for weak acids and
alcohols (EG, HCOOH) are typically larger than for PSS, they are not able to protonate
the sulfonic groups on the PSS chains. However, they can interact with the already
dissociated sulfonate groups to screen the negatively charged PSS and the positively
charged PEDOT chains efficiently. Thus, they are causing a structural rearrangement,
but an inefficient PSS extraction due to the weak acid characteristics. Strong acids
on the other hand perform very well in protonating the PSS chains and therefore
neutralizing their charged sulfonate groups, which is in agreement with the earlier
discussed XPS study. In combination with a high dielectric constant, the separation of
PSS and PEDOT is very efficient, which gives a high PSS extraction yield for HNO3-
and H2SO4-treated samples leading to an enhanced type II lamellar stacking. The
obtained high order favors an in-plane charge transport. HCl seems to be a special
case. On one hand it is a very strong acid, which is able to protonate PSS. On the
other hand it shows a small dielectric constant, which gives an insufficient Coulomb
screening of the charged PEDOT and PSS groups. Therefore, a preferred type II
lamellar stacking seems possible, due to an easier structural rearrangement owed by
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an increased chain mobility, but the screening is too weak to fully separate the PSS
from the PEDOT and extract it efficiently. Furthermore, in contrast to HNO3 and
H2SO4, HCl is a weakly oxidizing acid which might also have an influence on the low
PSS extraction yield.
Therefore, it can be concluded: A high dielectric constant is necessary for a suc-

cessful screening of the charged groups of PEDOT and PSS chains, which enables a
separation of both different chains.[183] However, a good dissociation constant is also
favorable for protonation of the PSS’ sulfonate groups, which enables a preferred type
II lamellar stacking and thus an enhanced conductivity. A high dielectric constant and
a low pKa-value in combination seem to result in an effective separation and structural
reorientation of PEDOT and PSS, followed by an efficient removal of insulating PSS.
For treatments that yield a low PSS content, a subsequent H2O washing seems

to be unfavorable for the morphology. The strongest impact is seen for the H2SO4-
treated sample after washing, which shows a destroyed order of the lamellar stacking
in combination with the reduced oriented PSS π–π stacking. In addition, the type
II lamellar stacking is reduced and an additional shoulder appears at lower q-values,
indicating an overall reduced crystallinity. However, XPS measurements indicate a
residual amount of sulfuric acid in the non-washed H2SO4-treated films that vanishes
after H2O-washing. Therefore, an intercalation of HSO4

– -ions cannot be excluded,
which might lead to a replacement of the PSS counter-ion and enables an enhanced
Coulomb screening between PEDOT and PSS chains. Thus, the enhanced chain mobil-
ity could lead to an improved order of lamellar stacking and might lead to an enhanced
conductivity. Subsequent H2O-washing seems to destroy this order, which could be
related to an extraction of residual H2SO4 content in this case.

7.6.5 Morphological Model

The obtained findings are summarized in a morphological model and depicted in Fig-
ure 7.16 to describe the underlying processes. It was found, the more efficient packed
lamellar stacking type II for PEDOT:PSS (Figure 7.14b) is adjuvant for an enhanced
conductivity. Furthermore, this type has a preferred order in the face-on direction,
which increases the amount of edge-on oriented PEDOT π–π stacking. In addition,
the applied treatments show a variation in the PSS extraction, which is favorable for
an increased conductivity. The morphological model in Figure 7.16 depicts the overall
enhanced number and edge-on orientation of PEDOT-rich domains (red rods) together
with a reduced film thickness (height of each framed box), which originates from excess
PSS removal (reduced saturation of excess PSS). The enhanced order of PEDOT-rich
domains is reversed for HNO3- and H2SO4-treatments after H2O-washing, as depicted
by the increasingly randomized orientation. The illustration of H2O-washed HCOOH
samples is in this case neglected as the obtained data suggest no structural change and
therefore a high resistance against H2O, comparable to the HCl treatment.
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Figure 7.16
Structural model of PEDOT-rich domains in thin films. Thickness decrease and reduced
excess PSS content is depicted in reduced height of framed boxes and fading of the light
blue colored excess PSS matrix. Enhanced PEDOT π–π stacking is taken into account by
an increased size and order of PEDOT-rich domains, while the improved lamellar stacking
is depicted with an increased order along the PSS chains. Adapted with permission from
John Wiley & Sons, Copyright 2019.[30]

7.7 Device Integration

The previous investigations have shown that a highly conducting polymeric electrode
can be achieved by applying an acid treatment on PEDOT:PSS thin films. In order to
examine the electrode performance in real devices, two representative treatments were
selected to proof their application in a working ITO-free OLED. Namely, H2SO4 and
HCOOH treatment were chosen as they achieved the highest conductivity values and
the best H2O resistance, respectively and were compared to a standard device using
ITO electrodes. OLED test devices were fabricated and investigated in the frame of the
Bachelor’s thesis of Lina Maria Todenhagen.[177] The devices were fabricated accord-
ing to Section 3.5 with two layers of subsequently spin coated PEDOT:PSS PH1000.
Before deposition of the HTL and the emitting layer the corresponding treatment was
performed and the electrodes were patterned. In Figure 7.17, some fabricated ITO-
free OLED devices are exemplarily depicted together with a PEDOT:PSS electrode.
Figure 7.17d shows an OLED in operation with the typical yellow-greenish color of
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Figure 7.17
Images of a) acid post-treated PEDOT:PSS electrode and ITO-free OLEDs b) with and
c) without degradation effects on the evaporated contacts.[177] d) OLED device under op-
eration with one of eight active pixel.

the Super Yellow® emitter, proving the successful implementation of the electrode.
The obtained OLEDs were investigated regarding their current-voltage as well as their
emission characteristics and power conversion efficiency employing a custom made mea-
surement setup introduced in Section 4.5. The used setup is capable to characterize
the angular dependent and total light emission as well as determining the electrical
characteristics of OLEDs.
In Figure 7.18a, exemplary IV -curves of the fabricated OLEDs are depicted. The

typical diode-like behavior already indicates a proper working device. However, the
most obvious difference is the decreased slope for the OLEDs using PEDOT:PSS elec-
trodes. This reduced slope is typically explained with the higher sheet resistance and
the smaller conductivity of the polymeric electrodes compared to the ITO electrode of
the reference device.[16,203] Therefore, an increased ohmic contribution in the device,
e.g., a serial resistance, is concluded for OLEDs with H2SO4 and HCOOH treated
electrodes. Furthermore, a slight shift of the onset voltage Ubi towards smaller values
is visible, indicating a reduced work function for the electrodes. This is in agreement
with the often reported modification of the PEDOT:PSS work function via various
(post-)treatments that lead to a reduced PSS content.[15,131,172,204] The shift in the on-
set voltage becomes more evident by determining and averaging Ubi for several devices.
For this purpose, the linear region of the current-voltage characteristics was fitted and
extrapolated to J = 0 mA cm−2. The intersection with the voltage axis yields Ubi,
which are depicted in Figure 7.18c and showing a clear decrease in the onset voltage
for devices powered with polymeric electrodes. Therefore, the acid treatment of the
PEDOT:PSS electrodes and the resulting PSS extraction yields a modified work func-
tion for the anode, which becomes apparent in a reduced work function difference of the
anode to the aluminum cathode and therefore a reduced built-in voltage Ubi.[166,204,205]

The downside of this decrease is the increased energy barrier from the electrode to the
hole transport and electron blocking layer, which is in this case PEDOT:PSS Al4083.
Therefore, the charge carrier injection into the emission layer (PDY-132) is limited
which reduces the overall diode current and leads to a decreased slope in the IV -curve
as seen in Figure 7.18a.
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Figure 7.18
Characterization of OLED devices with selected high conducting PEDOT:PSS electrodes
fabricated with HCOOH- (green) and H2SO4-treatment (red). a) Exemplary IV -curves of
OLEDs, showing typical diode-like behavior. b) Emission spectra of corresponding OLEDs
at 12 V; values are normalized to peak emission of reference OLED (black). c) From diode
curves extracted built-in voltage Ubi of OLEDs with different electrodes. d) Integrated
light emission power Pout versus electrical power consumption Pin of OLEDs with ITO
reference electrode (black), HCOOH-treated (green) and H2SO4-treated (red) PEDOT:PSS
electrodes.

This becomes visible in the light emission characteristics of the selected OLEDs,
which are plotted in Figure 7.18b for an identical operating voltage of 12 V. The
wavelength dependent light emission is normalized to the peak emission of the reference
ITO device (black). As already indicated by the IV -curves, the light emission for
the polymeric electrode devices is smaller than for the reference one. However, the
shape of the emission spectra is maintained, indicating no acidic treatment induced
modification of the emitter material by potential acid residuals in the film. For all
samples the peak emission is maintained at λ ≈ 540 nm corresponding Eg ≈ 2.3 eV,
which matches well the band gap of the used emitter. Furthermore, the integrated
total emission of the OLEDs using HCOOH- and H2SO4-treated electrodes still reaches
52.7 % and 42.3 % of the reference device, respectively. This is especially impressive
as the devices only serve as proof of principle and have not been optimized. Kim
et al. showed the efficiency of ITO-free OLEDs, based on PEDOT:PSS electrodes
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with a lower conductivity than examined here, can reach the performance of reference
ITO devices via proper layer thickness optimization.[206] The above mentioned opposed
effects of the lowered work function and increased injection barrier in combination
with the lower conductivity might lead to the reduced but similar emission for both
treatments. Therefore, the higher PSS content for HCOOH treated electrodes leads
to a lower conductivity compared to H2SO4 treated ones. In combination with the
presumed smaller injection barrier to the HTL for HCOOH treatment (due to the
higher PSS content), those effects might cancel out and lead to a very similar emission
for HCOOH and H2SO4 treated electrodes.
Furthermore, taking a look to the devices’ power consumption and emission, both

PEDOT:PSS devices perform quite well compared to the reference one. In Figure 7.18d
the total power of light emission Pout is compared to the consumed electrical power
Pin. The consumed electrical power is calculated from the applied voltage and the
measured current density through the device. The total light emission is obtained by
measuring the emission spectra with an integrating sphere according to Section 4.5.
The obtained wavelength dependent radiant flux Φe,λ is then integrated in the range
of 450 nm – 770 nm in order to get the total radiant flux Φe. Interestingly, the H2SO4
treated sample shows a very similar behavior as the reference device. This is prob-
ably related to the higher contribution of an ohmic resistor for the H2SO4 device,
which is visible in the decreased slope in Figure 7.18a. Therefore, the current flow
and thus the power consumption is reduced, but a presumed enhanced charge car-
rier injection might overcome this limitation and lead to a similar light emission as
for the reference device. This becomes more evident for the HCOOH treated sam-
ple. Despite the strongly reduced slope in the diode curve, revealing a less ideal
diode behavior compared to the reference, the light emission is still comparable high.
This can be explained with the reduced conductivity of the HCOOH treated elec-
trode, which gives a stronger ohmic contribution and reduces the current flow through
the device. In combination with the presumably enhanced charge carrier injection,

Figure 7.19
Defects on aluminum contacts
of H2SO4 treated OLED (opti-
cal microscope).

caused by the lower energy barrier due to the higher
PSS content compared to the H2SO4 treated device, the
power consumption is reduced. Thus, despite the lower
current flow through the diode, the charge carrier in-
jection and therefore the light emitting recombination
in the emitter is more efficient. Hence, the HCOOH
treated sample might not reach the brightness of com-
parable electrodes such as the reference ITO device, but
allows a more efficient device operation.
Furthermore, it is noteworthy to mention that for long

storage times the fabricated OLEDs revealed typical in-
dications for device degradation. As depicted in Fig-
ure 7.17b and Figure 7.19, the evaporated aluminum
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electrodes show defects most probably caused by aluminum oxidation that reduces the
device performance.[207,208] This effect is enhanced during device operation, especially
for the H2SO4 treated device and leads together with degradation of the functional
layers eventually to device failure.[209] However, encapsulation could eliminate most of
these degradation processes.
Overall, the obtained device efficiency stays behind its potential. Comparable ITO-

free OLED devices achieved up to 90 % of the reference device efficiency.[203] In com-
bination with additional functional layers such as silver nano-wires[14,16] or scattering
layers,[203] even higher efficiencies were achieved. In any case, the obtained results
clearly show the potential application of the here examined PEDOT:PSS electrodes in
ITO-free devices. By implementing a full device stack, including ETL and HBL be-
tween the emitter and the evaporated electrode and further layer thickness optimiza-
tion, efficiencies comparable to ITO-based OLEDs are expected. Taking into account
suitable scattering layers, such as discussed in Chapter 5, the EQE of ITO-free devices
could even exceed the performance of commonly ITO-based OLEDs.

7.8 Summary
In this chapter, the origin of the conductivity improvement of PEDOT:PSS thin films
upon treatments with different weak and strong acids (organic and inorganic) was in-
vestigated. The impact of ethylene glycol, hydrochloric acid, formic acid, nitric acid,
and sulfuric acid post-treatment on PEDOT:PSS thin films was studied, including their
stability against subsequent H2O-washing. The morphology and compositional changes
of PEDOT and PSS were linked to the DC conductivity of probed thin films and were
summarized in a morphological model in Figure 7.16. A significantly enhanced conduc-
tivity of (1128 ± 91) S cm−1 for EG, (392 ± 29)S cm−1 for HCl, (1289 ± 73) S cm−1 for
HCOOH, (2099 ± 143) S cm−1 for HNO3, and (2938 ± 325)S cm−1 for H2SO4 treated
samples was found. Furthermore, the AC response of selected electrodes was ex-
amined with impedance spectroscopy, revealing a promising potential for the high
conducting samples fabricated with EG, HCOOH and H2SO4 treatment. The pris-
tine PEDOT:PSS reference sample showed a capacitive behavior due to the high PSS
content. The other investigated samples revealed low inductance combined with the
already determined DC resistance. Overall, no phase shift and therefore no increased
impedance was observed for frequencies <100 kHz, which allows in principle the ap-
plication for AC powered devices such as OFETs in the given frequency range. The
increased conductivity goes along with an increased absorbance in the near infrared
region, indicating an increased charge carrier concentration. The FoM, which serves as
a measure for the performance of a transparent electrode, was greatly enhanced for the
different treatments. Over the whole range of visible light, the FoM was continuously
above FoM > 40 with a peak value of FoM(λ = 425 nm) = 150 for H2SO4-treatment.
Therefore, the H2SO4-treated sample is considered to perform best as transparent elec-
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trode, especially for blue emitting devices. The improved conductivity for the differ-
ent treatments was attributed to several mechanisms in the thin films. Compositional
XPS measurements showed a strongly reduced PSS content for HNO3- and H2SO4-
treatments, which goes along with their enhanced conductivity. Furthermore, a shift
towards smaller binding energies of the PSS’ sulfone group was observed, indicating
an increased protonation of the SO3

– -group. Thus, a facilitated phase separation of
PEDOT and PSS domains leads to efficient extraction of excess PSS due to dimin-
ished Coulomb screening. The interplay of reduced PSS content in combination with
a structural rearrangement of the PEDOT-rich domains, which yields a high degree of
order, was found to be beneficial for enhanced conductivity. Additionally, the lamellar
stacking of alternating PEDOT and PSS chains was identified to be a crucial parameter
for an enhanced in-plane conductivity, preferring the more efficient and more densely
packed lamellar stacking type II (Figure 7.14). This stacking type provides a high
content of edge-on oriented PEDOT π–π stacking due to the preferentially oriented
lamellar stacking in qz-direction, which is favorable for in-plane conductivity. The en-
hanced conductivity caused by a morphological and compositional change was linked
to the electric screening behavior and the dissociation constant of the used acids. High
dielectric constants enable efficient Coulomb screening and structural optimization of
PEDOT-rich domains, which strong acids can support by protonation of charged sul-
fonate groups in PSS. In combination, a high PSS extraction yield can be achieved
for the HNO3- and H2SO4-treatments. However, in this case, a high water sensitivity
is present, while treatments with less efficient PSS removal exhibit a good stability
against H2O, e.g., for HCl- and HCOOH-treatments. Concerning applications the sen-
sitivity against water is causing several problems, which makes treatments that result
in more stable and well conducting PEDOT:PSS films very appealing.
In order to test the highly conducting polymeric electrodes obtained by the differ-

ent treatments under working conditions, the most promising ones were implemented
into an ITO-free reference device OLED stack. Overall, the performance of the ob-
tained devices powered by a HCOOH- and H2SO4-treated PEDOT:PSS electrode per-
formed similar to the ITO equipped reference device. Despite the reduced light emis-
sion, mainly caused by the non-optimized layer stack and the lower conductivity, the
HCOOH-treated electrode device revealed a lower energy consumption compared to
the H2SO4 device. In summary, the proof of principle of a working ITO-free device
with the investigated PEDOT:PSS electrodes was confirmed.
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CHAPTER8
Conclusion & Outlook
An essential factor for the limitation of the external quantum efficiency in OLED
devices is originated in substrate and organic modes. Those are related to the refractive
indices of the used materials and the thin film geometry of the devices, causing a 2D
wave guiding effect for photons. The main task addressed in the present work was the
development of functional layers that can be implemented into ITO-free OLED devices
in order to reduce the internal total reflection and thus increase the photon outcoupling
efficiency. A further requirement was a potentially large scale application, which was
realized via the use of the spray deposition technique. Therefore, in the first place,
an instrument was constructed in order to determine the angular and wavelength
dependent scattering of ZnO thin films and the emission characteristics of OLED
devices, respectively. Consequently, the constructed instrument was used in the frame
of this work to evaluate the performance of fabricated devices. In the course of this
work it turned out to be reasonable to replace the commonly used ITO electrode in
OLED devices with PEDOT:PSS polymeric electrodes. By this, both investigated
functional layers, the ZnO scattering layer and the PEDOT:PSS polymeric electrode,
can be cast from solution via spray deposition, which was successfully tested. The
two required functional layers were investigated regarding their optical and electronic
response which was linked to their thin film morphology.
Nanostructured ZnO thin films were successfully fabricated via spray deposition.

Structuring of the scattering layer was realized by diblock copolymer assisted sol-gel
synthesis based on PS-b-PEO and the ZnO precursor ZAD. The obtained layers showed
a strong diffuse scattering in the visible region of light, which was mainly addressed to
the high surface roughness caused by the used deposition and calcination techniques.
Hierarchically structured films were obtained by the implementation of additional PS
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microspheres during the sol-gel process. The presence of large microspheres (∅ 500 nm)
resulted in an additional templating effect during film formation. The PS microspheres
were embedded into the nanoporous network formed by the sol-gel process and were
combusted together with the templating diblock copolymer via subsequent calcina-
tion. Consequently, a hierarchically structured thin film was obtained, consisting of a
nanoporous ZnO network with embedded large sized pores. Moreover, addition of an
excess homopolymer supply to the diblock copolymer in the form of PS microspheres
resulted in selective swelling of the PS block. As a consequence, the nanoporous ZnO
network revealed a slightly enhanced pore size caused by the swelling of the inner mi-
cellar core during the sol-gel process. The scattering ability of visible light was slightly
enhanced with increasing microsphere concentration, while the surface roughness was
not altered significantly. Even though the high roughness of the scattering layer was
found to strongly contribute to the scattering, the implementation of additional scat-
tering centers had obviously a beneficial effect on the diffuse scattering. Furthermore,
no color shift was observable, which suggest such layers as suitable for enhancing the
light extraction of white OLEDs. Towards the fabrication of an OLED with such a
scattering layer implemented, the polymeric electrode PEDOT:PSS was chosen and
deposited via spray coating on the rough ZnO layer. The scattering layer was homo-
geneously coated with the polymer whereas the macroscopic surface roughness was
preserved. Even though a conductive ZnO/PEDOT:PSS scattering bilayer was ob-
tained, the conductivity stayed behind its potential and had to be further enhanced.
Organic layer typically suffer under device degradation which is related to their

sensitivity towards water and oxygen. Thus, before assembling a full OLED, it is
reasonable to examine the PEDOT:PSS electrode in more detail to identify potential
failure mechanisms. The influence of high humidity was tested in situ on pristine films
and commonly treatments based on Zonyl or EG that both influence the morphology
and the PSS content in the final films. It was found that the polymeric electrodes were
highly sensitive towards water vapor. Their sensitivity is based on the hygroscopic
PSS component which led to absorption of water molecules from the atmosphere. As
a consequence, film swelling of more than the doubled thickness of the initial film was
observed and enrichment layers of PEDOT and PSS at the substrate/air and film/air
interface, respectively were clearly identified. The swelling was expected to be detri-
mental for device failure and therefore should be reduced. In addition, it was suggest
that the absorption of water increases the sheet resistance in the films by increasing the
inter-domain distances of highly conducting PEDOT crystallites, which is expected to
be the most limiting factor for the electrodes conductivity. An irreversible effect of the
reduced conductivity was assumed to be related to a morphological rearrangement of
those PEDOT-rich domains that were embedded in the insulating PSS matrix. As a
consequence, a reduced excess PSS content in the final film has two advantageous ef-
fects. Firstly, by extracting the insulating PSS component, the inter-domain distances
of PEDOT-rich domains was reduced and thus the charge carrier transport between
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those domains was facilitated. Secondly, the extraction of the hygroscopic PSS fur-
ther reduced the water sensitivity significantly, as less hydrohpilic groups are present
in the film. Thus, the overall water sorption was reduced and the diffusion of water
molecules into the film was hindered, which is both beneficial for the device operation
and lifetime.
Since the excess PSS amount in PEDOT:PSS was identified as limiting factor for the

thin films conductivity, more efficient extraction methods were investigated. Hence,
several weak and strong acids (organic and inorganic) were tested upon their PSS
extraction capabilities, which was linked to the acid’s strength (dissipation constant)
and dielectric constant. The reduced PSS content in turn led to a compact lamellar
stacking of alternating PEDOT and PSS chains that resulted in increased crystallinity
and enhanced order of the conducting PEDOT-rich domains. As a consequence, en-
larged PEDOT crystallites were highly oriented with reduced inter-domain distance
in a drained PSS matrix, which in total facilitates charge transport between those
domains. Among the investigated treatments, H2SO4 performed best regarding an en-
hanced order and the resulting increased conductivity. However, subsequently washing
in water led to partly reversal of the beneficial structure and destroyed the high or-
der of PEDOT crystallites which proofed the strong effect of morphology to a high
conductivity. Contrary, weaker acids showed a tremendous resilience against water.
For example, HCOOH treated PEDOT:PSS showed almost no change after excessive
washing in water, neither in the morphology, nor in conductivity. As a consequence,
a high stability of the polymeric electrode can be achieved for the sake of a limited
maximum conductivity. The best performing treatments regarding high conductivity
and high stability were used to successfully fabricate ITO-free OLEDs on the base of
PEDOT:PSS polymeric electrodes. The H2SO4 treated PEDOT:PSS showed a com-
parable behavior to the ITO based reference cell, as the polymer electrode reached
a similar conductivity as ITO. However, among the different devices, the very stable
HCOOH treated films revealed the best stability of the fabricated OLEDs.
The present work shall serve as a guidance towards the full implementation of rough

metal oxide scattering layers into OLED devices. The necessary requirements and
characterizations were discussed in the different chapters of this thesis. Based on the
results obtained in the present work, the combination of a hierarchically structured
ZnO layer with a PEDOT:PSS polymeric electrode is considered as very suitable for
enhancing the photon extraction yield of common OLED devices. Furthermore, large
scaled fabrication techniques allow the fabrication of such bilayers from solution. While
spray coating was used in the present work, roll-to-roll printing is as well considered
as suitable. In order to achieve competitive device efficiencies, the layer stack has
to be further optimized and improved. Since in the present work a standard device
stack based on a singlet emitter is applied, it is reasonable to further examine the
investigated layers in a triplet emitter system to elaborate the full potential of the
scattering/electrode bilayer in an OLED device. In general, encapsulation is consid-
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ered as highly recommended to avoid degradation effects of the organic layers. This
might reduce the water sensitivity of the used polymeric electrodes and provide higher
device stability. Furthermore, it might enable the usage of PEDOT:PSS electrodes
obtained from the highly conducting but less stable treatments, such as H2SO4. How-
ever, measurements indicate, the residual acidity of such electrodes caused by the
respective treatment might lead to oxidation effects in adjacent layers, which might
reduce the lifetime in the full device stack and should be further investigated. Con-
sidering PEDOT:PSS electrodes, very high conductivities can be achieved for the sake
of a reduced stability against H2O. Overall, the fundamental findings of this thesis
regarding ZnO/PEDOT:PSS bilayers and the role of PSS towards the conductivity
in PEDOT:PSS electrodes together with the discussed characterization methods and
data evaluation can help in future research activities.
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