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Zusammenfassung 
Organische Leuchtdioden weisen, verglichen mit anorganischen Leuchtdioden, viele Vorteile 
auf. So sind sie nicht nur energiesparender in der Display- und Beleuchtungstechnik einsetzbar, 
sondern können auch in neuen flexiblen Technologien verwendet werden. Um ihr volles 
Potenzial auszuschöpfen, können einem herkömmlichen OLED-Aufbau zusätzliche Schichten 
und neue Materialien hinzugefügt werden. Der Ersatz spröder Elektroden durch dünne 
Metallschichten kann OLEDs flexibler machen, Zwischenschichten verbessern den 
Ladungstransport und neuartige Materialien können die Lösungsprozessierung von OLEDs 
vereinfachen. In den Kapiteln dieser Arbeit wurden je ein Ansatz zur Steigerung der Leistung 
von OLEDs untersucht. 

Es wurden dünne Silberschichten aus einer partikelfreien Silbertinte mittels Tintenstrahldruck 
hergestellt und ihre optischen sowie elektrischen Eigenschaften mit mechanischen, optischen 
und elektrischen Messverfahren charakterisiert. Einige der dazu notwendigen Messaufbauten 
zur Messung der Leuchtdichte und externen Quanteneffizienz der Dioden, sowie der Trübung 
wurden speziell für diese Arbeit angefertigt. Die gedruckten Elektroden zeigen eine hohe 
Biegefestigkeit, bei gleichbleibend guten elektrischen Eigenschaften. Die damit hergestellten 
Leuchtdioden übertreffen in ihrer Effizienz Referenzdioden mit Indium Zinn Oxid Elektroden. 
Da Silberelektroden aufgrund (elektro-)chemischer Reaktionen im Kontakt mit anderen 
Schichten nicht für alle Zwecke geeignet sind, wurde eine partikelfreie Goldtinte untersucht, 
um eine inertere Alternative herzustellen. Aus dieser Tinte wurden mittels eines 
Rakelverfahrens Elektroden hergestellt und ihre Eigenschaften im Vergleich zu den 
Silberelektroden analysiert. 

Um die Effizienz organischer Leuchtdioden weiter steigern zu können wurden anschließend 
Zwischenschichten aus neuartigen Materialkombinationen untersucht. Mittels einer binären 
Zwischenschicht aus Zinkoxid und einem Polymer konnte die Leuchtstärke und Effizienz von 
invertierten Leuchtdioden signifikant gesteigert werden. Die Erforschung der optimalen 
Herstellungsparameter mittels optischer und elektrischer Analysemethoden wurde 
durchgeführt. Weiterhin wurden zwei neu synthetisierte Moleküle dazu verwendet, um die 
Benetzung von Perowskiten auf Elektroden zu verbessern und somit ihre Herstellbarkeit mittels 
Tintenstrahldruck zu ermöglichen. Diese Perowskite wurden dann zum Nachweis der 
Machbarkeit erfolgreich in Solarzellen eingesetzt. 

Durch das zuvor erwähnte Einfügen von Zwischenschichten in organischen Leuchtdioden 
lassen sich zwar deren Eigenschaften stark verbessern, jedoch ergeben sich neue 
Herausforderungen, wenn mehrere solcher Schichten aus Lösungen prozessiert werden sollen. 
In diesem Fall wird meist nach einem sogenannten orthogonalen Lösemittelsystem gesucht. In 
diesem Ansatz lösen sich bereits hergestellte Schichten nicht im nachfolgend verwendeten 
Lösungsmittel. Jedoch ist solch ein System nicht für alle Materialkombinationen vorhanden. 
Das Quervernetzen von Polymeren stellt in diesem Fall einen alternativen Lösungsansatz dar. 
Hierbei wird ein die Löslichkeit eines Polymers durch verschiedene Ansätze verringert. Mittels 
eines neu-synthetisierten Quervernetzers wurde dieses Prinzip anhand des lichtemittierenden 
Polymers Super Yellow demonstriert. Die Beständigkeit einer Schicht aus Super Yellow 
gegenüber Toluol konnte erfolgreich stark erhöht werden. Somit wurde eine nachfolgende 
Prozessierung einer zusätzlichen Schicht aus demselben Lösungsmittel ermöglicht. Erneut 
konnte die Effizienz von organischen Leuchtdioden durch das Hinzufügen dieser 
Zwischenschichte gesteigert werden. 
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Abstract 
Organic light-emitting diodes have many advantages compared to their inorganic counterparts. 
Not only can they be used more energy-efficiently in display and lighting technology, but they 
can also be used in new, flexible technologies. To reach their full potential, additional layers 
and new materials can be added to a conventional OLED structure. Replacing brittle electrodes 
with thin metal layers can make OLEDs more flexible, intermediate layers improve charge 
transport, and novel materials can simplify solution processing of OLEDs. In each of the 
chapters of this thesis, an approach to increasing the performance of OLEDs was examined. 

Thin silver layers were produced from a particle-free silver ink using inkjet printing to replace 
brittle indium tin oxide electrodes. Their optical and electrical properties were characterized 
using mechanical, optical, and electrical measurement methods. Some of the necessary 
measurement setups for determining the luminance and external quantum efficiencies of the 
diodes, as well as the haze, were purpose-built for this work. The printed electrodes show a 
high flexural strength while retaining good electrical properties. The efficacy of the light-
emitting diodes produced in this way exceeds that of reference diodes with indium tin oxide 
electrodes. Since silver electrodes are not suitable for all purposes due to (electro)chemical 
reactions when in contact with other layers, a particle-free gold ink was investigated to fabricate 
a more inert, alternative. Electrodes were produced from this ink using a doctor blade process 
and their properties were analyzed in comparison to the silver electrodes. 

To be able to further increase the efficiency of organic light-emitting diodes, intermediate layers 
made of new material combinations were subsequently investigated. The luminosity and 
efficiency of inverted light-emitting diodes could be significantly increased by means of a 
binary intermediate layer made of zinc oxide and a polymer. Using optical and electrical 
analysis methods, the optimal manufacturing parameters were studied. Furthermore, two newly 
synthesized molecules were used to improve the wetting of perovskites on electrodes and thus 
enable their manufacturability using inkjet printing. These perovskites were then successfully 
used in solar cells to prove their feasibility.  

Although the above-mentioned insertion of intermediate layers in organic light-emitting diodes 
can greatly improve their properties, new challenges arise if several such layers are to be 
processed from solutions. In this case, a so-called orthogonal solvent system is usually 
employed. With this approach, layers that have already been produced do not dissolve in the 
solvent used subsequently. However, such a system is not readily available for all material 
combinations. If so, the crosslinking of polymers represents an alternative approach. Here, the 
solubility of a polymer is reduced by various approaches. Using a newly synthesized 
crosslinker, this principle was demonstrated using the light-emitting polymer Super 
Yellow. The resistance of a layer of Super Yellow against toluene was successfully 
increased significantly. Thus, subsequent processing of an additional layer from the same 
solvent was made possible. Again, the efficacy of organic light-emitting diodes 
produced with this intermediate layer could be boosted. 
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1 Introduction 
 

This chapter provides  a short motivation of the scope and applicability of this work. It 
summarizes the single chapters are summarized, and a graphical overview is given. 
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1.1 Motivation 
 

Electric lighting technology has undergone a drastic development in the last years. In the 1880s, 
arc lights that used an electric arc between carbon electrodes to generate light were used. Due 
to their harsh light and high power consumption, these were only applied for street lighting and 
large halls. Incandescent and fluorescent lights were employed in indoor lighting as soon as 
suitable electrical grids were available. In the decades after, the advancement of lighting 
technologies was mainly accomplished by improvements to existing technologies such as the 
introduction of the tungsten filament in 1910. Only in 1962 came the next big step with the 
commercial introduction of the light-emitting diode (LED) by Texas Instruments. In the 
beginning, only infrared diodes were available, but soon the first red LED in the visible 
spectrum was produced. Since it had a very high initial price of 200 US dollars it was only used 
in high-end equipment, but prices fell down to just a few cents in the 1970s.[1] Other colors such 
as green or yellow followed soon, but there was a lack of material to produce a blue-emitting 
LED. This was a huge drawback since blue light is needed for the creation of white light and 
multicolor displays. Blue LEDs based on a doped gallium nitride material were first available 
in the 1990s.[2] Since then, developments of new and improved display and lighting applications 
centered on LED technology have been ongoing. The development of the organic light-emitting 
diode (OLED) has just been the latest step in a continuous quest for new and enhanced lighting 
technologies.  

In practical display applications such as panels for TVs or smartphones, LED technology is still 
the de-facto standard today. However, as energy efficiency is becoming more of a focus for 
consumers, displays with OLED technology are on the rise.[3] LED displays make use of LEDs 
only as a white backlight, while colors are added by utilizing color filters. In most devices, the 
backlight is always turned on, therefore using energy, even when a black screen is displayed. 
OLEDs, on the other hand, are used directly as light-emitting pixels and therefore only consume 
energy when a pixel is on. This enables, for example, the production of so-called "always-on" 
displays, where part of the screen is never switched off (for example the digits of a smart watch), 
while still maintaining good battery life. As a positive side effect, this also gives OLED displays 
a comparably better contrast between dark and bright pixels. However, OLED displays can 
suffer from burn-in since the OLED sub-pixels, especially the blue ones, are prone to 
degradation.[4] This can lead to burned-in artifacts in areas of the display where there is no 
picture change for a long time, e.g., a battery icon. 

Compared to the first generation of OLED consumer devices, the stability, as well as the 
lifetime, have been drastically improved in the last years with operating lifetimes (lifetime T50, 
half the initial brightness) of 900 000 h for red and 400 000 h for green OLEDs. Blue OLEDs 
still suffer from faster degradation with a lifetime of only 20 000 h.[5] However, inorganic LED 
displays still surpass OLEDs in terms of efficacy, low production cost, and durability. 
Therefore, it is crucial to investigate the influences certain OLED layers can have on their 
performance and to improve the fabrication process. New, more resource-saving manufacturing 
techniques such as solution processing must be studied, and additional materials have to be 
analyzed to improve the device's performance. Finally, emerging technologies such as flexible 
displays require established processes to be adapted to meet consumer demands for thinner and 
more flexible applications. 
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1.2 Thesis Outline 
 

This work deals with the production of organic optoelectronic components. While the focus lies 
on the improvement and adaptation of organic light-emitting diodes (OLEDs) for future 
applications such as flexible electronics, perovskite solar cells (PSC) will also be investigated 
briefly. Strategies to facilitate and scale device production and approaches to improve device 
efficiency will be discussed theoretically as well as experimentally. Generally, this thesis 
consists of the following chapters: 

Chapter 2 gives a theoretical background to the topic of this thesis. Based on an introduction 
to the fundamental interactions between light and matter, organic semiconductors, electrodes, 
and hybrid systems are discussed. Finally, the two optoelectronic components, the OLED and 
the solar cell are introduced, and their properties are described. 

Chapter 3 contains an explanation of the experimental methods. Processing methods used, 
such as spin coating, vapor deposition, or inkjet printing are introduced. Characterization 
equipment for optical, elemental, or morphological analysis is described. In the last part, 
beginning from section 3.2.8, special emphasis is placed on custom-made setups for the 
characterization of organic light-emitting diodes (current-voltage-luminance characterization 
as well as external quantum yield), electrode laser structuring, bending tests, and a setup for 
haze measurements. 

Chapter 4 deals with the solution processing of flexible electrodes. Here, a particle-free silver 
ink is employed to fabricate thin transparent metal films. The produced films are characterized 
and compared to commercial indium tin oxide (ITO) electrodes in terms of their optical and 
electrical properties. Rigid as well as flexible OLEDs are fabricated with both electrodes and 
their properties are analyzed. In the second part, a brief evaluation of gold electrodes for future 
optoelectronic applications is made. 

Chapter 5 describes possibilities to enhance surface properties by adding injection- and 
interlayers. This section is split into two main parts. The first part introduces a composite 
mixture of zinc oxide nanoparticles and polyethylenimine that is utilized to significantly 
enhance the performance of inverted OLEDs by improving the electron injection. In the second 
part, two novel molecules are applied as a wetting enhancement to facilitate the solution 
processing (spin coating and inkjet printing) of perovskite layers for perovskite solar cells. Their 
chemical, optical and morphological properties are assessed in detail prior to the fabrication of 
perovskite solar cells. 

Chapter 6 investigates the possibilities of crosslinking to manufacture multilayer devices. A 
short introduction to crosslinking techniques is given first. Afterward, optimization processes 
for the crosslinking process are described. The chapter concludes with the fabrication and 
characterization of multilayer OLEDs, including an electron blocking layer in comparison with 
standard OLEDs. 

A general conclusion of the results of this thesis, an outlook for future continuation of this work, 
a list of references, as well as an appendix with additional information can be found after the 
main text. A graphical representation of this thesis in form of an OLED overview is shown in 
Figure 1.1.
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Figure 1.1. Exploded view of an organic light-emitting diode giving an overview of the topics of this thesis. The 
individual components are examined in more detail in the specified chapters or sections.

Substrate: 
  ∙ Haze: Sec. 3.2.8  
  ∙ Bending: Sec. 3.2.9 
  ∙ Structuring: Sec. 3.2.12 
 
 
 

Injection & Transport: 
  ∙ Theory: Sec. 2.2.1 
  ∙ Interlayers: Sec. 5.1 
  ∙ Wetting: Sec. 5.2 
  ∙ Blocking: Sec. 6.5 
 

Transparent 
Electrode: 
  ∙ Theory: Sec. 2.3.1 
  ∙ Silver: Sec. 4.1 
  ∙ Gold: Sec. 4.2 

Emissive Layer: 
  ∙ Theory: Sec. 2.2.3 
  ∙ Crosslinking: Ch. 6 
 

Top Electrode: 
  ∙ Theory: Sec. 2.3 
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2 Fundamentals 
 

In this chapter, the fundamental concepts of organic semiconductors will be discussed. The 
basic interactions of light and matter are briefly described and their practical application in 
organic semiconductors is explored. Different types of electrode materials are introduced and 
the interplay between organic and inorganic layers is analyzed. Finally, the working principles 
and characteristics of optoelectronic devices are depicted. While the focus lies on organic light-
emitting diodes, the structure of hybrid solar cells is briefly examined as well since novel 
materials are employed in solar cells throughout this thesis.  
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2.1 Interactions of Light and Matter 
 

This section gives a brief introduction to the interactions between light and matter. Starting 
from very basic reflection and transmittance laws, the focus will gradually shift to a more 
detailed description of the atomic processes of light absorption and color perception. General 
knowledge of these processes is crucial for the description and understanding of OLEDs and 
solar cells later in this work. 

 

2.1.1 Transmission, Reflectance, and Absorption 
  

One of the most fundamental physical laws every physics student will learn is the basic law of 
(specular) reflection. Known already to the ancient Greeks,[6] it states that the angle of the 
incident light θi is equal to the angle of the reflected light θr: 

Θ𝑖𝑖 = Θ𝑟𝑟 (2. 1) 

When light is not fully reflected, it enters from one medium into the other and is refracted based 
on the relation of the refractive indices of the two materials. Snell’s law describes the 
relationship between the refractive indices n1,2 and the angles: 

𝑛𝑛1 sinΘ1 = 𝑛𝑛2 sinΘ2 (2. 2) 

This relation is valid since the speed of light in a medium is different from that in a vacuum. It 
is dependent on the permittivity and permeability of the material. Looking at light in more 
detail, it can be described as a wave of alternating electric and magnetic fields. Depending upon 
the fluctuation of the field in relation to the plane of incident, two polarization states of light 
can be defined. S-polarization (from the German senkrecht, meaning perpendicular), where the 
fluctuations of the electric field happen perpendicular to the plane of incident i.e., the magnetic 
field fluctuates in-plane, and P-polarization (parallel), where the electric field is in the plane of 
incident light (see Figure 2.1). 

 

 
Figure 2.1. Definition of S- and P-polarized light. S-polarized light is perpendicular to the plane of incidence while 
P-polarized light refers to the parallel component. Unpolarized light contains both components. 

Incident Light
(Unpolarized)

Plane of Incidence

Normal

Incident Surface

P-Polarized 
Light

S-Polarized 
Light
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The three general types of light polarization (linear, circular, and elliptical) can then be 
expressed as a combination of the two orthogonal s and p polarizations. Returning to the case 
of light and a medium, the Fresnel coefficients describe the reflection amplitudes (rs,p) and 
transmission (ts,p) amplitudes of s or p-polarized light as: 

𝑟𝑟𝑠𝑠 =
𝑛𝑛1 cosΘ𝑖𝑖 − 𝑛𝑛2 cosΘ𝑡𝑡
𝑛𝑛1 cosΘ𝑖𝑖 + 𝑛𝑛2 cosΘ𝑡𝑡

(2. 3) 

𝑡𝑡𝑠𝑠 =
2𝑛𝑛1 cosΘ𝑖𝑖

𝑛𝑛1 cosΘ𝑖𝑖 + 𝑛𝑛2 cosΘ𝑡𝑡
(2. 4) 

𝑟𝑟𝑝𝑝 =
𝑛𝑛2 cosΘ𝑖𝑖 − 𝑛𝑛1 cosΘ𝑡𝑡
𝑛𝑛2 cosΘ𝑖𝑖 + 𝑛𝑛2 cosΘ𝑡𝑡

(2. 5) 

𝑡𝑡𝑝𝑝 =
2𝑛𝑛1 cosΘ𝑖𝑖

𝑛𝑛2 cosΘ𝑖𝑖 + 𝑛𝑛1 cosΘ𝑡𝑡
(2. 6) 

 

When calculating the reflection or transmission of light through a medium, the amplitude of the 
light waves is often less important than the power since power can be measured directly. In 
general, the power is proportional to the square of the amplitudes, meaning that the power 
coefficients for reflected (called reflectance, R) and transmitted (transmittance, T) light can be 
calculated from the amplitudes as follows: 

𝑅𝑅 = |𝑟𝑟|2 (2. 7) 

𝑇𝑇 =
𝑛𝑛2 cosΘ𝑡𝑡
𝑛𝑛1 cosΘ𝑖𝑖

|𝑡𝑡|2 (2. 8) 

The calculation of R is much simpler due to the fact that both the incident and reflected wave 
travel in the same medium. If one now wants to include the absorbance in this picture of light 
interaction, a simple relation can be found. Since no light is lost, the absorbance A together with 
the reflectance and transmittance must add up to one and the unknown quantity can be 
calculated from the other two, i.e. 

𝐴𝐴 + 𝑅𝑅 + 𝑇𝑇 = 1 (2. 9) 

The absorbance can also be described by introducing a complex refractive index n: 

𝒏𝒏 = 𝑛𝑛 − 𝑖𝑖𝑖𝑖 (2. 10) 

While n is the same refractive index as before, κ is called the extinction coefficient and describes 
the attenuation of light when it enters a medium. Inserted into the equation of the 
electromagnetic wave, one obtains an attenuation term that describes the intensity of the light 
in relation to the penetration depth x into the material: 

𝐼𝐼(𝑥𝑥) = 𝐼𝐼0𝑒𝑒
−4𝜋𝜋𝜋𝜋𝜋𝜋𝜆𝜆0 , (2. 11) 

where I0 is the initial light intensity and λ0 is the light’s wavelength in a vacuum. Introducing 
an absorption coefficient α as follows: 
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𝛼𝛼 =
4𝜋𝜋𝜋𝜋
𝜆𝜆0

, (2. 12) 

results in the Beer-Lambert law, an essential law to a multitude of optical techniques (see for 
example section 3.2.1): 

𝐼𝐼(𝑥𝑥) = 𝐼𝐼0𝑒𝑒−𝛼𝛼𝛼𝛼 (2. 13) 

 

2.1.2 Radiometry, Photometry, and Human Color Perception 
 

After describing the absorption of light, a description of the emitted light is necessary as well. 
When characterizing different light sources, it is important to measure the absolute light 
intensity that they emit. However, the human eye has different sensitivity across the visible 
spectrum (380–780 nm). Red and especially blue light of the same absolute intensity seems to 
the human eye less bright than green light. In 1924, the Commission Internationale d'Eclairage 
(CIE) conducted an experiment with more than 100 participants and asked them to match the 
brightness of lights of different wavelengths.[7] Figure 2.2a shows the results of this study for 
high light levels (photopic, daylight vision) and low light levels (scotopic, night vision). With 
bright light, daylight for example, the maximum eye sensitivity for humans occurs at 555 nm. 
This curve, called the photopic response curve or photopic luminous efficiency function V(λ), 
now enables the conversion from units relating to absolute light intensity (radiometry) to 
human-adapted intensities (photometry) by multiplying the radiometric units with V(λ). 

 

 
Figure 2.2. The human eye responds differently to different wavelengths of light. (a) Photopic and scotopic eye 
response curves with a perceived maximum at 555 nm. (b) Normalized sensitivity for human cone cells. The short, 
medium and long wavelength cones have different maxima which enables color vision. Data from reference.[8] 

 

In radiometry, the output power (flux) of a light source is measured in watts, while the 
correction with the luminous efficiency function yields the photometric unit lumen.  

Table 2.1 gives an overview of the important radiometric quantities and their photometric 
analogies. Measurements of light-emitting devices are usually performed using photometric 
quantities, most importantly the luminance (see section 3.2.10). 
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Table 2.1. Comparison of important radiometric and photometric quantities. The photometric quantities can be 
obtained by scaling the radiometric quantities with the luminous efficiency function. 

Rad. Quantity Symbol Unit Phot. Quantity Symbol Unit 

Radiant Flux Φe J s-1 = W Luminous Flux Φv lm 

Radiant Energy Qe J Luminous Energy Qv lm s 

Radiant Intensity Ie, W sr -1 Luminous Intensity Iv lm sr -1 = cd 

Irradiance Ee W m-2 Illuminance Ev lm m-2 = lx 

Radiance Le W sr -1 m-2 Luminance Lv lm sr -1 m-2 = cd m-2 

 

Human eyes have three receptors for color vision. These have different sensitivities for different 
wavelengths. There exists one receptor with a maximum sensitivity for short wavelengths, one 
for medium, and one for long wavelengths as displayed in Figure 2.2b. The classical picture of 
the red, green, and blue receptors is not absolutely correct, since both the medium and the long-
range receptors have their maximum sensitivity in the green wavelength area (S-receptor:  
440 nm, L-receptor: 560 nm, M-receptor: 530 nm). 

To have an accurate and distinct description of colors, W. D. Wright and J. Guild performed 
color matching experiments in 1931.[9,10] Participants were asked to recreate a given color by 
combining three primary light sources with wavelengths of 700 nm, 546.1 nm, and 435.8 nm. 
However, it turned out that not all colors are reproducible by any three wavelengths and 
participants had to add some “negative” colored light to the target color in order to accurately 
recreate any given color. These experiments resulted in the so-called 1931 RGB color matching 
functions shown in Figure 2.3a. 

 

 
Figure 2.3. Color matching functions. (a) The RGB color matching functions were modeled after experiments 
with human vision. However, they exhibit undesirable properties such as negative numbers. (b) A mathematical 
transformation (eq. 2.17) yields the XYZ color matching functions. Additionally, the Y function now closely 
matches the photopic eye sensitivity (see Figure 2.2a). 
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From these functions, the tristimulus chromaticity coordinates r, g, and b can be calculated: 

𝑟𝑟 =
𝑅𝑅

𝑅𝑅 + 𝐺𝐺 + 𝐵𝐵
, (2. 14) 

𝑔𝑔 =
𝐺𝐺

𝑅𝑅 + 𝐺𝐺 + 𝐵𝐵
, (2. 15) 

𝑏𝑏 =
𝐵𝐵

𝑅𝑅 + 𝐺𝐺 + 𝐵𝐵
, (2. 16) 

Where R, G, and B are the values from the color matching functions corresponding to a 
particular wavelength. The chromaticity coordinates add up to one so that only two coordinates 
need to be determined at any time. 

The system defined by the above equations has some shortcomings. Calculating with the RGB 
color functions requires negative numbers which could not be easily handled by computers in 
the 1930s. Additionally, it would be preferable if one of the color functions closely matched the 
luminosity function V(λ). This would imply that the perceived brightness of any color could be 
easily determined by regarding one of that color’s primary values. Finally, equal values for all 
the coordinates should produce white. A linear transformation was therefore introduced to 
obtain a new color space, denoted with XYZ coordinates: 

 

�
𝑋𝑋
𝑌𝑌
𝑍𝑍
� = �

2.768 1.751 1.13
1 4.59 0.06
0 0.056 5.594

� ∙ �
𝑅𝑅
𝐺𝐺
𝐵𝐵
� (2. 17) 

For these new coordinates, using the same relations as in equations (2.14)-(2.16) yields the xyz 
coordinates. Since these again add up to one, the three-dimensional color space can be projected 
to a two-dimensional one without losing any information. A projection to the xy space is usually 
chosen, which results in the CIE 1931 color diagram as presented in Figure 2.4. This graph 
shows the spectral colors as the contour of the chart (called the spectral locust). The area within 
this contour, called the color scale, contains all the colors humans can perceive. At the equality 
point, where x = y = ⅓, lies pure white. 

With this diagram, colors displayable with any display or projector can be established. When 
the primary colors of the display’s subpixels are marked in the CIE diagram, they form a 
triangle. This subset of the full-color gamut is reproducible with the chosen primary colors. The 
triangle marked in Figure 2.4 shows a hypothetical color gamut with primary wavelengths of 
610, 550, and 465 nm. However, since most real-life displays use LEDs that do not emit 
monochromatic light, they have color gamuts such as the sRGB or Adobe RGB gamut which, 
again, can only display a subset of all perceivable colors. When fabricating light-emitting 
devices the CIE 1931 x and y coordinates are used to give an accurate, comparable 
representation of the device’s color. 
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Figure 2.4. CIE 1931 color diagram. The outside lines show spectral colors. All colors in the confined area are 
mixtures of multiple spectral wavelengths. If the wavelengths marked with circles were chosen as primary colors, 
then all colors within the triangle gamut would be displayable. The equality point is marked with a star. 

 

 

2.2 Organic Semiconductors 
 

The discovery of the ability of organic matter to conduct electricity is fairly recent. To 
understand the processes leading to conductivity in polymers, it is best to first start with the 
conduction of inorganic materials. The combination of atoms into molecules and how this 
process leads to conductivity is considered. From there the similarities and differences between 
conduction organic and inorganic materials are discussed. Finally, the theory of conduction 
along long chains of polymers is examined. 

In an isolated atom, electrons are present in electronic orbitals. These orbitals do not show the 
concrete position of each electron but rather describe the probability of finding an electron 
inside the orbital’s volume.[11] Going from the simplest of atoms, hydrogen, with only one 
electron and hence also just one orbital, to more complicated ones, the shape of the orbitals gets 
more intricate as well since no two electrons are allowed to be in the same quantum state. When 
multiple of these atoms combine, forming a chemical bond, atomic orbitals interact with each 
other. Again, since electrons in the same state are forbidden, atomic orbitals must split into 
molecular orbitals with each having a slight difference in energy. Once a sufficiently large 
number of atoms interact, forming a solid, the energetic difference between the molecular 
orbitals becomes so minute that they can be treated as one continuous orbital, a so-called energy 
band.[12] 
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Once again, describing the exact location and energy of each electron in the bands is not 
possible, but an important quantity is given by the so-called Fermi level.[13] This describes the 
energy level with an energy μ (also written as EF) at a temperature T which has a 50% 
probability of being occupied by an electron as described by the Fermi-Dirac distribution: 

𝑓𝑓(𝜀𝜀) = �𝑒𝑒
𝜀𝜀−𝜇𝜇
𝑘𝑘𝐵𝐵𝑇𝑇 + 1�

−1
(2. 18) 

The bands on either side of the Fermi level are of special importance. Below the Fermi level 

lies the valence band. Electrons in this band take part in the bond formation between atoms and 
are therefore more strongly bound to the cores. The conduction band, with an energy higher 
than EF, contains delocalized electrons that can move freely through the solid and are 
responsible for electric conduction. In some materials, there exists an energetic gap between 
the two bands where no allowed electronic states exist, the band gap. The size of this gap, 
together with the relative location of the Fermi level to the gap, allows different classes of 
materials to be distinguished (see also Figure 2.5a): 

 

Insulators: If the energy level μ lies within a gap and this gap has a sufficient size (there is 
conflicting information about the necessary band gap for insulators, however, most sources 
seem to agree that the band gap needs to surpass 4 eV) the material is called an insulator. The 
valence band is fully occupied but the band gap is too large for electrons to pass into the 
conduction band at room temperatures (however, at very high temperatures conductivity can be 
observed). Therefore, no electrical conduction occurs.  

 

Metals: This material class is the opposite of insulators. The conduction and valence band 
overlap without any gap in between, and the Fermi level lies in the interior of the bands. 
Electrical conduction is directly possible even at absolute zero temperatures. If the temperature 
is increased, the conductivity of metals is decreased due to increased electron-phonon 
interactions: 

𝜎𝜎 ~ 
1
𝑇𝑇

(2. 19) 

 

Semiconductors: In between lies the material class of semiconductors. As with insulators, there 
is a band gap here, but it is small enough (approx. between 0.1 eV and 6.4 eV) to allow electrons 
to enter the conduction band at temperatures > 0 K. The location of the bands in this class of 
material can be altered via a process called doping where impurities are introduced into the 
solid. Impurities with a higher number of electrons than the primary material lead to a shift of 
the conduction band towards the Fermi level and result in what is called an n-type 
semiconductor. Introducing dopants with fewer electrons results in the opposite, a p-type 
semiconductor with a valence band closer to EF. 
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Figure 2.5. Schematic overview of possible band structures. (a) Simplified band structure in relation to the Fermi 
level of an insulator, semiconductor, and metal. (b) Energy diagram of a semiconductor with important parameters: 
Fermi Level EF, vacuum level Evac, electron affinity EA, bandgap EG, work function WF and ionization energy IE. 
Modified from [14]

. 

This model is useful for inorganic materials. Now shifting the focus to organic ones, the 
question arises whether the same concept of band structures can be applied. Molecular orbital 
theory can also be applied to organic molecules. When carbon atoms form bonds, hybridization 
of the atomic orbitals results in multiple molecular orbitals.[12] 

Considering the most basic example of ethane hybridization, the 2s orbital and the three 2p 
orbitals form four sp3 orbitals per atom as shown in Figure 2.6. Bonding then happens via the 
formation of so-called sigma bonds between two sp3 orbitals and between the remaining sp3 
orbitals and the 1s orbitals of the hydrogen atoms. Because σ bonds are highly localized, no 
delocalized charge carriers are available and thus no electric conduction is possible. This applies 
not only to an ethane molecule but also to longer chains that are merely connected by single 
bonds. 

Introducing double bonds into the chain drastically changes this situation. In ethene, the 
simplest molecule with a double bond, sp2 hybridization occurs resulting in five σ bonds and 
leaving the two pz orbitals perpendicular to the sp2 orbitals unaltered (see again Figure 2.6). 
These then combine to form a so-called π bond in which the electrons are delocalized. If more 
carbon atoms were connected in this way, the π system would spread throughout the molecule, 
allowing the electrons to move freely. However, the polymerization of ethane opens the double 
bond, again leaving no loosely bound charge carriers for conduction. 

Taking this thought one step further and now considering ethyne, two π bonds are formed via 
sp1 hybridization. The polymerization now produces polyethyne (polyacetylene), a polymer in 
which single and double bonds alternate. This is what is called a conjugated polymer. In this 
class of materials, the π-system is delocalized over the polymer chain, allowing charge 
transport, resulting in a conductive polymer. However, due to its high resistivity (~108

 Ω m) 
and overall unfavorable material properties, polyacetylene is only seldomly used as a 
conductive polymer material. [15] 

 

EF

a

Insulator Semiconductor Metal

Evac
EA

WF
IE

EG

LUMO

HOMO

b

EF



Chapter 2. Fundamentals  

14 

 

 

 

 

Figure 2.6. Hybridization of ethane, ethene, and ethyne (top to bottom). Molecular orbitals are formed from atomic 
orbitals. While σ bonds are highly localized, π bonds enable charge carrier transport. Polymerization of ethyne 
leads to a conjugated, conductive polymer. Modified from [12]. 

Returning to the concept of band structure, what was called the conduction and valence band 
can be found here as well. The Fermi level again lies in between occupied and unoccupied 
states. These are here the highest occupied molecular orbital (HOMO), and the lowest 
unoccupied molecular orbital (LUMO), also called the frontier orbitals. Their difference in 
energy is again called the band (or energy) gap. Since the π-electrons are only weakly bound 
the size of the gap for most organic semiconductors lies typically in the range between 2.0 eV 
and 3.0 eV which is the range of visible to near ultraviolet (UV) light.[12,16] Therefore, organic 
semiconductors are suitable for use in optical applications such as organic light-emitting diodes 
or organic photovoltaic cells. The position of the HOMO and LUMO in materials and 
consequently the size of the gap is determined by the size of the π system. Increasing its size 
(meaning increasing the length of the molecule/ polymer) lowers the energy gap. The addition 
of functional side groups can further shift the levels of the HOMO and LUMO.[17] 

A few additional important parameters should be briefly mentioned here since they are of 
crucial importance when talking about semiconductors (organic or inorganic), metals, or 
insulators. A graphical representation is shown in Figure 2.5b. The vacuum level is the energy 
level of an electron positioned at rest close (a few nanometers) to the solid surface.[18] The 
ionization energy is the energy necessary to remove an electron from the valence band 
maximum/ HOMO out of the system. The electron affinity is the energy gained by adding an 
electron from the vacuum level to the conduction band minimum/ LUMO, and the work 
function is the energy required to remove an electron from the Fermi Level, as depicted in 
Figure 2.5b.[14] 
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2.2.1 Charge Transport 
 

In the previous section, the transport of charge carriers through the formation of a band structure 
was described. However, this only partially explains the intramolecular conductance, for a more 
detailed description of this transport as well as the intermolecular transport other theories have 
to be applied. The key quantity when talking about transport is the charge carrier mobility µ. 
This quantity describes how fast a charge carrier can move through a material when dragged 
by an applied electric field E: 

𝜇𝜇 =
𝑣𝑣d

𝐸𝐸
(2. 20) 

The quantity vd is called the drift velocity, the average movement speed of a charge carrier. For 
inorganic semiconductors, a typical range for the mobility is between 106 cm2 V-1 s-1 and 
107 cm2 V-1 s-1.[19] In organic semiconductors, the mobility, even in the optimal case, is multiple 
orders of magnitude smaller with the best results in literature reaching values of  
170 cm2 V-1 s-1.[20]  

 

Band Transport: 

In the case of a very large interaction energy between neighboring parts of a molecule or 
polymer, charge carriers can be described as fully delocalized, and transport happens via a band 
structure. This can be assumed in molecular crystals at very low temperatures. The mobility of 
charge carriers µ is then found to vary with temperature T: 

𝜇𝜇 ∝ 𝑇𝑇−𝑛𝑛, 0 < 𝑛𝑛 < 3 (2. 21) 

As the semiconductor temperature increases, mobility decreases due to scattering interactions 
of charge carriers with impurities or phonons.[21]

 The mobility itself can then be described by 
applying the concept of an effective mass meff (determined by the strength of the electronic 
coupling to the neighborhood) and the mean time between scattering events τ: 

𝜇𝜇 =
𝑞𝑞𝑞𝑞
𝑚𝑚eff

(2. 22) 

In organic semiconductors, band transport can be assumed to be prevalent if the carrier mobility 
is larger than 5 cm2 V-1 s-1.[22] However, typical values are often several orders of magnitude 
smaller. Therefore, an alternative transport mechanism has to be assumed. 

 

Hopping Transport: 

When the coupling between molecules is weak, the time scale for a charge transfer is very small. 
This implies that the excited carrier has time to relax back into the ground state and no band 
transport can take place. Since the charge carrier is now fully localized on a molecule, charge 
transfer is assumed to occur in jumps between molecules, hence the name hopping transport. 
Classically (if molecular vibrations are described as harmonic oscillators) this process can then 
be described by the Marcus theory,[23] where the charge-transfer rate k is given by: 
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𝑘𝑘 =
2𝜋𝜋
ℏ

𝐽𝐽2

�4𝜋𝜋𝜋𝜋𝑘𝑘𝐵𝐵𝑇𝑇
𝑒𝑒−

𝜆𝜆
4𝑘𝑘𝐵𝐵𝑇𝑇 (2. 23) 

Here, h is the Plank constant and J is the transfer integral (or electronic coupling). λ is the 
reorganization energy which in the classical Marcus theory describes the energy needed to 
reorganize the geometry of the initial system to that of the final one. kB is the Boltzmann 
constant, and T the temperature. Again, the mobility can be considered as stated in equation 
(2.22) Noticing that a charge carrier can hop now along multiple molecules, a statistical 
approach has to be adopted, using the Boltzmann equipartition theorem 

𝑚𝑚eff〈𝑣𝑣2〉 = 𝑛𝑛𝑘𝑘𝐵𝐵𝑇𝑇, (2. 24) 

where n is the degree of dimensionality and 〈𝑣𝑣2〉 the average of the squared charge carrier 
velocity. It follows then that 

𝜇𝜇 =
𝑞𝑞〈𝑣𝑣2〉𝜏𝜏
𝑛𝑛𝑘𝑘𝐵𝐵𝑇𝑇

. (2. 25) 

In one dimension this average can be expressed by 

〈𝑣𝑣2〉 =
𝑘𝑘𝑎𝑎2

2𝜏𝜏
, (2. 26) 

with k again the hopping rate, a is the lattice constant, and the factor ½ is a result of the fact 
that charge carriers can go back and forth on a molecule.[19] The charge carrier mobility can 
then finally be described as 

𝜇𝜇 =
𝑞𝑞
𝑘𝑘𝐵𝐵𝑇𝑇

𝑘𝑘𝑎𝑎2

2
. (2. 27) 

 

Distinguishing between the transport mechanisms 

As the last point, it should be briefly discussed how one can be able to distinguish between the 
two transport mechanisms presented. Since the effective charge carrier mass meff plays a role in 
both processes it seems only logical to take a closer look. More specifically, the effective mass 
to free-electron mass ratio 𝑚𝑚eff/𝑚𝑚0 can be used to indicate the means of transport. If the ratio 
is roughly one (𝑚𝑚eff/𝑚𝑚0 ~ 1), the effective mass does not differentiate much from the free mass. 
In this case, charge carriers are said to move “without friction” and band transport theories can 
be applied.[19] When the ratio is bigger (𝑚𝑚eff/𝑚𝑚0 ≫ 1), the effective mass is dominating, and 
charge carriers face much friction. A hopping transport can then be assumed. As a sidenote, 
there also exists a case where 𝑚𝑚eff/𝑚𝑚0 ~ 0, observed for extremely high mobility organics such 
as graphene, indicating that charges are moving in the relativistic limit.[24] 

A second way to distinguish between the transport mechanisms is by looking at the ratio of the 
reorganization energy λ to the coupling energy J. In the case of the ratio being 2J/λ ≫ 1, 
vibrational relaxation of charges is much slower than the transport due to strong intermolecular 
coupling. The wave function describing a charge carrier is then spread over multiple molecules 
(or a large part of a polymer) and the transport is band-like.[19] In the other limit where  
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2J/λ ≪ 1, relaxation happens faster than transport, and charge carriers are localized in their 
ground state. As described above, transport occurs then via hopping between molecular sites. 

 

2.2.2 Hybrid Systems 
 

Most applications of organic semiconductors do not solely rely on organic materials. Metals 
can be combined with organics in organic light-emitting diodes (OLEDs), organic solar cells 
(OSCs), or transistors. This section aims to give a brief description of the effects when metals 
and organic semiconductors are brought into contact. Keeping in mind the difference between 
an inorganic and organic semiconductor (conduction band and valence band vs. HOMO and 
LUMO, see above) the same theory can be applied to both types of semiconductors. 

 

Metal-Semiconductor Junction: 

Both organic and inorganic semiconductors, when brought into contact with a metal, form a 
metal-semiconductor (M-S) junction. Upon contact, the two materials align their Fermi levels 
and thus charge carriers flow between the metal and semiconductor (due to an electron 
gradient), from the higher to the lower Fermi level, until equilibrium is reached. This can create 
an energy barrier, the so-called Schottky barrier ΦB, described by the Schottky-Mott rule: 

Φ𝐵𝐵 ≈ Φ𝑚𝑚 − 𝐸𝐸𝐴𝐴𝑠𝑠, (2. 28) 

where, Φm is the work function of the metal, and EAs is the electron affinity of the 
semiconductor. However, the alignment of the vacuum level is not as easy. Interfacial dipoles 
can form and induce a shift in the vacuum level of up to 1 eV.[25,26] Possible reasons for these 
dipoles are chemical reactions at the interface, varying electron densities as well as charge 
transfer at the interface.[25] The interface dipoles can result in the formation of barriers for the 
injection of electrons or holes (see also Figure 2.7).[12] They can be described by: 

𝜒𝜒𝑒𝑒 = Φc + Δc − 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, (2. 29) 

𝜒𝜒ℎ = 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 −Φa − Δa. (2. 30) 

Here, χe and χh are the barriers for electrons and holes respectively. Φc and Φa are the work 
functions of the cathode and anode, and Δc and Δa are the interface dipoles at either the cathode 
or anode. From the work functions of the electrodes, another important factor can be derived. 
The built-in potential Φbi is the difference between the work functions of the anode and cathode. 
When operating a device, the voltage applied has to be at least equal to the built-in voltage for 
charges to be injected (see also Figure 2.11): 

𝑉𝑉bi =
1
𝑞𝑞

(Φ𝑎𝑎 − Φ𝑐𝑐). (2. 31) 

When a voltage is now applied to the newly formed bilayer device, the flowing current can be 
either rectified or not.[27] If the barrier is very low, there is no charge carrier depletion zone 
formed in the semiconductor and the contact is ohmic, meaning that Ohm’s law applies: 

𝐽𝐽 = 𝜎𝜎𝜎𝜎, (2. 32) 
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where J is the current density, σ is the conductivity, and E is the electric field. However, the 
more interesting case occurs when the barrier is higher. A depletion zone forms near the 
interface. When only a small voltage is applied, the barrier has a high resistance, and no current 
can flow. With a larger voltage bias, charge carriers can overcome the barrier since it is lowered 
by the electric field. Under reverse bias, only a small leakage current is flowing through the 
junction due to a minimal amount of charge carriers having enough energy to overcome the 
barrier. Therefore, the junction is rectifying the flowing current.  

 

 
Figure 2.7. Band bending and formation of an interfacial dipole. (a) Prior to contact. (b) After contact band 
bending aligns the Fermi levels. An interface dipole ΔD is formed. 

 

2.2.3 Photoexcitation and Excited States 
 

In the last section, the important differences between organic and inorganic semiconductors 
were described. Another detail in which both groups differ greatly is the coupling between the 
electrons and the semiconductor lattice i.e., the bound, symmetrical atoms. Therefore, it is 
crucial to consider the response of the lattice when an additional charge carrier is injected or an 
existing one is excited to a different energy level. Both actions can be best described as the 
formation of a quasi-particle. 

In the case of injection (or extraction) of an additional charge carrier, the semiconductor lattice 
is displaced by the charge of the injected particle. In the case of an electron, negative ions in 
the semiconductor are repelled and positive ones attracted, effectively screening the charge. 
When the carrier moves through the semiconductor, this “cloud” of polarization moves with it, 
and both together can be described as a charged quasi-particle named polaron. Exciting a charge 
carrier results in a quasi-particle called an exciton. It consists of an electron and a hole that are 
bound by the Coulomb force between them. A hole in this context means a missing electron at 
a point in an atomic or crystal lattice where an electron could be located. In contrast to the 
polaron, the exciton is neutral. Excitons can be further classified by their spin. Since both the 
electron and the hole as fermions have spin ±1/2, the resulting exciton can have either  
spin 1 or 0. The Pauli exclusion principle states that particles with the same properties are not 
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allowed to occupy the same energy level. Therefore, in the state of minimal energy, the electron 
and hole must have opposite (antiparallel) spins and the net spin of the resulting exciton is zero. 
However, since the spin also precesses, there are three different higher energy configurations 
in which the spins are parallel (see Figure 2.8). These are called triplet excitons. The ratio 
between singlet and triplet excitons is 1:3 which plays an important role in the efficiency of 
some semiconductor devices, as will be described in more detail in section 2.4.1. 

 

 
Figure 2.8. Schematic view of singlet and triplet excitons. For the singlet exciton (left) the resulting spin is 0, for 
the three triplet excitons (right), the resulting spin (thicker gray arrow) is 1. 
 

An overview of the different electronic states and their interactions is displayed in the Jablonski 
diagram (Figure 2.9). It is important that next to the electronic states, there exists a multitude 
of additional states with higher energy. The extra energy is stored in vibrational modes. In 
general, photon emission occurs only from the vibronic ground state of an electronic state 
(Kasha's rule) because vibronic relaxation is significantly faster than electronic relaxation. 
Additionally, direct optical excitation into a triplet state is not allowed in quantum mechanics, 
due to the necessary spin flip (theoretically forbidden, meaning very unlikely). However, it has 
recently been observed experimentally in inorganic as well as organic materials.[28,29] 

 
Figure 2.9. Jablonski-diagram. Thick lines represent electronic states, thin lines vibrational ones. Solid arrows 
indicate absorption or emission of a photon while dashed arrows signify vibrational relaxation. 
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When a photon is absorbed, the transition to the higher energy state rarely happens to the 
vibronic ground state. This is due to the fact that the transition is strongly favored if the 
vibrational wavefunctions of the two states overlap. Since the electron excitation happens on a 
vastly faster timescale than the movement of the core, it is assumed that the core stays stationery 
and transitions happen “vertically”. The mechanism called the Franck–Condon principle 
(displayed in Figure 2.10), is responsible for the different intensities of the absorption and 
fluorescence peaks for a substance. Note, that other transitions are not forbidden but rather very 
unlikely. 

After an exciton is excited into a higher-energy state, there are several dissipative pathways for 
the excited electron to relax back to the electronic ground state: radiant transitions, where a 
photon is emitted, and non-radiant transitions. Non-radiative decay occurs through internal 
conversion through the generation of heat. When a singlet state relaxes by the emission of a 
photon, the process is called fluorescence. In contrast to the higher singlet states, triplet states 
cannot be directly excited by the absorption of a photon, but through what is called intersystem 
crossing where a spin-flip can occur and transfer a singlet to a triplet state. Since the direct 
return to the singlet ground state by emission of a photon (phosphorescence) is again quantum 
mechanically forbidden (very unlikely) the lifetime of this excited state is much longer 
(10-6-10+1 s) compared to fluorescence (10-10-10-7 s). 

 

 
Figure 2.10. Frank-Condon principle. (a) Transitions between states are more likely if the vibrational 
wavefunctions of the two states overlap. (b) Fluorescence and absorption spectra exhibit different heights of peaks 
according to the likeliness of the transition. Modified from [30,31]. 

 

2.3 Electrodes 
 

The electrodes are a crucial part of any optoelectronic device. Understanding their properties 
and behavior enables the development of improved materials for higher device efficiency. This 
section takes a closer look at the important parameters of an electrode. The focus here is on the 
commonly used metallic electrodes. Finally, options for transparent electrodes are discussed, 
especially concerning their use in organic devices. 
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Reflectance, Absorption, and Transmission: 

As mentioned in the previous section, the conduction and valence bands overlap in metals. 
Therefore, electrons are only very loosely bound and can move freely over the entire metal 
surface. This state is also called electron gas. If the gas is compressed locally (e.g., by an electric 
field), the Coulomb forces counteract the compression to restore a homogeneous charge 
distribution. Since electrons have mass and therefore also inertia, the electrons and thus the 
electron density oscillates with the so-called plasma frequency ωp: 

𝜔𝜔𝑝𝑝 = �
𝑛𝑛𝑒𝑒𝑒𝑒2

𝜀𝜀𝑚𝑚e
. (2. 33) 

Here, ne is the electron density, e is the elemental charge, ε is the permittivity, and me is the 
electron mass. When the frequency of the incident light is changed, the charge carriers follow 
the electric field. Up to a frequency equal to ωp, this is possible and hinders the electric field 
from entering the metal. However, once the frequency of the incoming light surpasses the 
plasma frequency, the electrons are too inert, and the light is transmitted through the metal 
without absorption. 

The plasma frequency of typical metals (having an electron density of 1028 m-3) is in the range 
of 1015 s-1, resulting in the metal reflecting all visible light but becoming transparent in the 
higher UV region. In the case that the incident light is absorbed, electrons are excited to a higher 
state and relax back to the ground state either by re-emitting a photon or by transferring the 
excess energy to a phonon. The transfer of energy to a phonon is responsible for the absorption 
of light. 

 

Charge Injection Mechanisms: 

For a successful operation of organic devices, charges must be efficiently injected from the 
electrodes into the organic layers. There are multiple theories describing the mechanisms by 
which the charge carriers can overcome the potential barrier that exists between the metal and 
the organic: 

If the applied electric field is low, thermionic injection is the prevailing mechanism. Here, 
charge carriers are thermally excited to overcome the injection barrier. The Richardson-
Dushman equation relates the work function Φ of the electrode with the current density of the 
thermally emitted charges:[32] 

𝐽𝐽𝑡𝑡ℎ = 𝐴𝐴𝑇𝑇2𝑒𝑒−
Φ
𝑘𝑘𝐵𝐵𝑇𝑇 (2. 34) 

A is the material-dependent Richardson constant that, according to Dushman,[33] can be 
expressed as follows: 

𝐴𝐴 = 𝑏𝑏 ∙
4𝜋𝜋𝑚𝑚𝑒𝑒𝑞𝑞𝑞𝑞𝐵𝐵2

ℎ3
, (2. 35) 

where T is the temperature, kB is the Boltzmann constant, me the electron mass, q the charge, 
and h is Plank’s constant. b is a material-dependent correction factor. 
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As can be seen from the temperature dependence in equation (2.34), thermionic emission plays 
a role, especially at elevated temperatures. In organic semiconductors at room temperature, 
however, a different mechanism prevails. 

Initially introduced to explain electron emission from a metallic tip through a triangular barrier 
into the vacuum, the Fowler-Nordheim tunneling formalism can also be applied to the injection 
from electrodes into organic semiconductors.[34] In quantum mechanics, charge carriers can be 
described by a probability wave function, describing the location of the particle. Since this wave 
function is not extinguished when entering a potential barrier but is only strongly attenuated, 
charge carriers have a low probability of crossing the barrier, so-called tunneling. In the case 
of a metal-semiconductor interface, the triangular barrier can be seen as a superposition of the 
rectangular metal-vacuum barrier and the applied potential.[12] The injected current density can 
then be described by: 

𝐽𝐽FNT ≅ 𝐸𝐸2𝑒𝑒−
4�2𝑚𝑚effΦ

3

3ℏ𝑞𝑞𝑞𝑞 , (2. 36)
 

 

where E is the applied electric field, and the other values are as previously described. The 
quadratic dependence of the current density from the applied field is visible when regarding a 
current-voltage curve of an organic semiconductor device. Thus, tunneling injection plays a 
crucial role in understanding the current-voltage characteristics of the devices produced in this 
thesis as seen again in the characteristics of OLEDs in section 2.4.1. 

 

2.3.1 Transparent Electrodes: 
 

Organic light-emitting diodes that emit light and organic solar cells that absorb light share a 
common design challenge. Both require light to pass through at least one of the device's 
electrodes to function. Simultaneously, they require good conductance from the electrodes for 
effective device operation. Combining these two factors is no easy task. However, over the 
years several solutions have been developed to create simultaneously transparent and 
conductive electrodes. This section gives an overview of different techniques and their 
advantages and disadvantages. To quantitatively compare different electrode materials, a figure 
of merit (FOM) θH relating the optical transmission T with the electrical sheet resistance Rs was 
proposed by Haacke in 1976:[35] 

𝛩𝛩H =
𝑇𝑇10

𝑅𝑅𝑠𝑠
(2. 37) 

A higher value of the FOM indicates a better-performing electrode. Note that the FOM is 
usually denominated with a capital Phi (ΦH). A different symbol has been chosen here to avoid 
confusion with the aforementioned work function. 
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Thin Metallic Layers: 

As described in the previous section, metals are in general opaque to light in the visible range. 
Since these are the primary wavelengths at which OLEDs and hybrid solar cells are working, 
care must be taken when using metallic layers as transparent electrodes. Reducing the thickness 
of the layer increases the transmission. Therefore, metallic layers of gold, silver, or platinum of 
only a few nanometers thickness have been successfully used in optoelectronic devices,[36–38] 
having a FOM of 5.6∙10-4 sq Ω-1 for gold and 2.9∙10-2 sq Ω-1 for silver. However, their resistivity 
increases with decreasing thickness due to grain boundaries and the scattering of electrons at 
the surface.[39] 

The transmission of thin metallic films can be increased drastically when they are sandwiched 
between two dielectric materials, creating what is called a dielectric-metal-dielectric (DMD) 
electrode. Incoming light is reflected at the metal surface and this reflected light is then partially 
reflected again at the interface between the dielectric and the air. Choosing proper values for 
the refractive indices and thicknesses of the dielectrics makes the reflected waves interfere 
destructively, and the overall reflection is canceled out. Since the reflection is eradicated, more 
light needs to be transmitted (see equation (2.9)). DMD electrodes can have good transparency 
as well as low resistance. A Haacke FOM of 70∙10-2 sq Ω-1 has been reported. [40,41] 

 

Doped Metal Oxides: 

Today’s most commonly used material for transparent electrodes is indium tin oxide (ITO). 
Consisting of indium oxide In2O3 doped with tin impurities, it has excellent optical and 
electrical properties. However, its high brittleness severely limits its range of applications  
(see chapter 4). The work function of ITO can be increased or lowered by the use of plasma 
processes or solvents.[42] With a FOM of 1.9∙10-2 sq Ω-1, ITO exhibits excellent electrode 
functions. However, due to the high cost of indium, the research on alternative metal oxides 
such as fluorine-doped tin oxide (FOM of 1.1∙10-2 sq Ω-1) or aluminum-doped zinc oxide  
(FOM of 6∙10-3 sq Ω-1) is on the rise.[42] 

 

Conductive Polymers and Other Materials: 

Conductive polymers as described in section 2.2 have been implemented as transparent 
electrodes as well. Materials such as polyaniline were reported in the literature with a  
FOM of 2.8∙10-4 sq Ω-1.[43] However, the material with the widest use is the polymer  
Poly(3,4-ethylenedioxythiophene) (PEDOT). To increase its conductivity and solubility in 
water it is doped with polystyrene sulfonate (PSS) to form PEDOT:PSS.[44] Electrodes 
fabricated from PEDOT:PSS exhibit a FOM of 6∙10-4 sq Ω-1.[42] 

Additional materials for transparent electrodes are metal nanowires, carbon materials such as 
graphene or carbon nanotubes, or thin, (printed) metal grids.[45–48] These are discussed in more 
detail in chapter 4. 
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2.4 Optoelectronic Devices 
 

This section is intended as a brief introduction to the working principles of organic light-
emitting diodes as well as hybrid solar cells. Their basic characteristics and ideal 
characterization curves are introduced and discussed. 

 

2.4.1 Organic Light-Emitting Diodes 
 

Brief History: 

The development of modern organic light-emitting diodes can be seen as a continuation of the 
progress in LED research. LED development began in the 1960s when an infrared emitting 
diode was manufactured at Texas Instruments. Electroluminescence had previously been 
observed in semiconducting crystals in materials such as gallium arsenide,[49] as well as in 
organic materials such as acridine orange, for which Bernanose et al. reported 
electroluminescence as early as 1950.[50] By investigating more complex structures such as 
doped anthracene crystals, theories of injection and charge transport in organic molecules were 
developed.[51] However, hampered by the relatively low conductance of organic materials, 
manufactured devices had to be operated at voltages of 1000 V and more.[52] With the discovery 
of novel, highly conductive polymer materials, Tang and Van Slyke were able to report the first 
practical OLED in 1987.[53] The operation voltage was significantly decreased by the 
introduction of separate materials for the transport of electrons and holes. This configuration 
confined the exciton recombination (see detailed description below) mostly to the middle of the 
organic layers. 

 

General Working Principle: 

The general working principle of an OLED is relatively simple: from the electrodes, charges 
are injected into the active materials where they are meant to form an exciton. This exciton then 
decays radiatively, sending out a photon. Figure 2.11. gives an overview of the four crucial 
steps in OLED operation: 

 

1. Charge carrier injection: From the electrodes, charge carriers are injected into the 
organic materials. For the injection of electrons, materials with a low work function 
such as calcium (ΦCa = 2.8 eV) are chosen,[54] while hole injection requires high work 
function materials. Here a typical choice is molybdenum trioxide (EAMoO3 = 6.7 eV).[55] 
Adding designated injection layers can improve charge carrier injection by modifying 
the electrode work function (experimental details are given in section 5.1).  
 

2. Charge carrier transport: The injected charge carriers must now be transported to the 
emission layer for recombination. Layers responsible for charge carrier transport must 
have good conductivity for holes or electrons. To prevent charges from passing through 
the active material without recombination, the work functions of the transporting 
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materials can be chosen specifically to block unwanted charge carrier transport (see the 
dashed lines in Figure 2.11). Alternatively, additional blocking layers can be included 
(experimental details are given in section 6.5). 

 
Figure 2.11. Simplified schematic representation of the basic steps of operation in an OLED: (1) Charge injection, 
(2) charge transport, (3) exciton formation, and (4) radiative exciton decay. The multilayer structure confines 
exciton formation to the active layer and prevents charges from reaching the opposite electrode without 
recombination (dashed arrows). Interface effects are not included. Recreated from [56]. 

 

3. Exciton formation: In the emitter layer, electrons and holes are bound together by the 
Coulomb force into an exciton. The spins of the electron and hole can thereby be either 
antiparallel or parallel, resulting in a singlet or triplet exciton respectively. This is of 
special importance for the OLED quantum efficiency as described below. Blocking 
layers for electrons and holes can help to confine the exciton formation to the emitter 
layer. Excitons are often divided into two groups according to their binding energy. A 
small dielectric constant in a material may lead to excitons with a strong Coulomb 
interaction and thus high binding energy (Eb = 0.1 – 1 eV). The electron-hole distance 
is very small, and the exciton might be located on one molecule. This type of exciton is 
called Frenkel exciton. In the case of lower binding energy (Eb ~ 0.01 eV) and thus 
larger exciton radius, they are referred to as Wannier-Mott excitons. Frenkel excitons 
are the dominating type of excitons in organic semiconductors.[57] 
 

4. Exciton decay: Excitons in organic semiconductors have a very short lifetime of only 
1-10 ns after which they decay by recombination of the electron and hole. This can 
happen radiatively by emitting a photon or non-radiatively by vibrational relaxation. In 
high-performance OLEDs, the emitter oftentimes consists of a guest-host blend.  
The exciton is formed in the host material and then either transported to the guest 
material or decays on the host while the released energy is transferred to the guest.[58] 
Using a phosphorescent emitter, triplet excitons can be harvested as well, significantly 
increasing the OLED efficiency (see below). 
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Device Architectures: 

OLEDs can be manufactured in a variety of different architectures. As described above, the 
most basic OLED consists of two electrodes and an emitter layer. However, additional layers 
are oftentimes included to ameliorate the device's efficacy. In general, OLED types can be 
divided into two groups, according to their direction of light emission. Top emitting OLEDs 
emit light through a transparent cathode while having an opaque anode. The opposite is true for 
bottom emitting devices. While the advantage of top emitting OLEDs is that they can be easily 
combined with a driver transistor in an active-matrix configuration, finding a suitable 
transparent cathode material is not an easy task. The commonly used transparent electrode 
material ITO does not have an appropriate work function. Thus, thin metallic or metal-doped 
layers are oftentimes employed as transparent cathodes.[59,60] Of course, transparent top and 
bottom electrodes can be combined to obtain so-called transparent OLEDs.[61] A distinction of 
OLEDs into different architectures can also be performed by the position of the electrodes. 
When the anode is the bottom contact and the cathode is the top, the architecture is called 
regular or standard architecture. In the opposite case, the OLED architecture is referred to as 
inverted. Figure 2.12 gives an overview of the mentioned OLED types. Inverted architectures 
have the advantage of not requiring high work function materials such as calcium which is 
prone to oxidation.[62] 

 

 
Figure 2.12. Comparison of different OLED architectures. (a) Standard top emitting, (b) standard transparent, (c) 
standard bottom emitting, (d) and inverted bottom emitting. In every architecture, the simple emission layer (EML) 
can be supported by injection, transport, and blocking layers. 

 

Loss mechanisms and quantum efficiency: 

The explanation above for the different steps of OLED operations illustrates an ideal OLED 
without any losses. Device performance will be significantly reduced in a real device by 
multiple loss mechanisms. These can be best described by looking at the so-called external 
quantum efficiency (EQE). In short, this value describes the ratio of outcoupled photons to 
injected charge carriers. It consists of multiple constituents: 

𝐸𝐸𝐸𝐸𝐸𝐸 = 𝜂𝜂int 𝜂𝜂out = 𝜂𝜂rec 𝜂𝜂st𝜂𝜂pl𝜂𝜂out (2. 38) 

In a first approximation, the external quantum efficiency can be described as an internal 
quantum efficiency ηint multiplied by an outcoupling efficiency ηout. This can be a major loss 
factor for OLEDs as it describes the percentage of generated photons that were able to leave 
the device (in the forward direction).  
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For conventional OLED architectures, this outcoupling efficiency is in the range of 20 to 50%, 
meaning that for most OLEDs more than half of the generated light is lost.[63] Internal reflection 
with subsequent scattering out of the edges of the device due to higher refractive indices of the 
ITO compared to the glass, reabsorption of emitted photons or non-radiatively decaying 
excitons are included in this factor.[64] Light extraction can be improved in many ways. A simple 
roughening of the glass surface, as well as the addition of designated outcoupling structures, 
have been discussed in literature.[65,66]  

The internal efficiency ηint can then be described in more detail by further separation into three 
factors: the probability of charge carrier recombination ηrec, the singlet-triplet ratio of the 
excitons ηst, and the photoluminescence yield of the employed emitter material ηpl. The first of 
these factors, ηrec is influenced by the charge carrier recombination. For an ideal OLED, it is 
assumed that all recombination occurs in the middle of the emitter layer. This prevents non-
radiative quenching of excited states at the electrodes. However, in real devices, differences in 
the mobility of holes and electrons can lead to a shift of the recombination zone and thus to a 
decrease in ηrec. Charge carrier balance is another contributing factor. As described above, the 
injection of carriers should be equal from both electrodes for optimal recombination. By 
choosing electrodes with suitable work functions and semiconductors with appropriate 
transport properties, the recombination zone can be centered. The introduction of designated 
blocking layers can further confine the recombination to the emitter material. Both measures 
increase the recombination factor ηrec.  

The next factor ηst describes the influence of singlet and triplet generation. Quantum mechanics 
states that when recombining two species with spin ½ three times more products with spin 1 
(the so-called triplet stated) are generated than products with spin 0 (singlet states, see also 
section 2.2.3). Since in the most common emitter materials radiative triplet decay has an 
extremely low rate, the singlet excitons are almost exclusively responsible for light emission. 
This means that 75% of all generated excitons decay without the emission of a photon, thus 
severely limiting the device's efficiency. 

To address this, two novel material classes have been introduced into OLEDs. Phosphorescent 
emitter materials, such as iridium-containing complexes were first introduced by Forrest et 
al.[67] The heavy metals included in these materials greatly increase the intersystem crossing, 
allowing for (indirect) radiative decay from triplet states. By this process, a ηst of  
100% can be theoretically achieved. However, phosphorescent materials must mainly be used 
in a guest-host blend since the long lifetime of the triplet states would otherwise make them 
susceptible to triplet-triplet annihilation. A second way to harvest the triplet excitons are 
materials, in which the energy difference between the triplet T1 and singlet S1 state is small 
enough for thermally activated transport between them. These materials are aptly named 
thermally activated delayed fluorescence (TADF) emitters and, like phosphorescent emitters, 
are capable of harvesting the 75% of triplet excitons generated.[68] 

The last parameter, the photoluminescence yield ηpl is more difficult to optimize. Since it is an 
intrinsic parameter of the utilized emitter material, enhancements of the luminescence yield 
require altering the structure of the employed materials. Again, radiative decay of excited states 
should be favored, implying that the radiative decay rate must be high compared to the non-
radiative decay rate. Therefore, processes such as intersystem crossing must be suppressed. 
Since this process is mediated by vibrational modes, it can be counteracted by reducing the 
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molecular vibrations by making the molecule more rigid for example by bridging rings as 
displayed in Figure 2.13. using the example of biphenyl and fluorene.[69]  

 
 

Biphenyl Fluorene 

Figure 2.13. The rigidity of chemical molecules can be increased by bridging rings as shown for biphenyl and 
fluorene. The improved rigidity reduces vibrational modes and thus increases the photoluminescence yield. 

 

Ideal Electronic Characteristics: 

To analyze the function of an OLED, it is common to record the light production and flowing 
current in a current density-voltage-luminance (JVL) characteristic and plot the current density 
and luminance against the applied bias voltage. A typical JVL plot for an OLED is displayed 
in Figure 2.14. 

 
Figure 2.14. Typical JVL curve of an OLED. Three distinct areas are marked. (1) Voltage smaller than built-in 
potential where no current should flow. (2) Exponentially increasing current for voltages larger than Vbi.  
(3) Current starting to get limited by built-up of space charge. Modified from [70]. 

 

In the JVL plot, three distinct regions can be distinguished. When a negative voltage or very 
small voltage (V < Vbi) is applied there should be no current flowing. However, due to minor 
defects such as pinholes a very small leakage current does flow. Since the leakage current is 
proportional to the applied voltage, it can be described by Ohm’s law: 

𝐽𝐽1 ∝ 𝑉𝑉 (2. 39) 

When the applied voltage is increased, the flowing current rises as well. In the region where the 
voltage is similar to the built-in voltage (V ≈ Vbi), the flowing current is due to a superposition 
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of a diffusion current away from the electrodes, caused by the gradient of the charge density, 
and an opposing drift current, due to the actual electric potential gradient.[12] If the diffusion 
current is dominating, a positive current can be observed. The exponential increase in current 
can be described in this region by the Shockley equation: 

𝐽𝐽2 = 𝐽𝐽𝑠𝑠 �𝑒𝑒
𝑞𝑞𝑞𝑞
𝑛𝑛𝑛𝑛𝑛𝑛 − 1� (2. 40) 

Here, Js denotes the saturation current density, q is the elemental charge, V is the applied 
voltage, n is the ideality factor (in this case n ≈ 1.2 to 2),[71] k is the Boltzmann constant, and T 
is the temperature. 

In the third region, the applied voltage is much larger than the built-in one (V ≫ Vbi). Charge 
carriers are injected by the electrodes and drift due to the electric field present. The amount of 
flowing current is merely restricted by the formation of space charges. At reaching a value of 
1 cd m-2 (this is an arbitrarily defined value, for low-emission materials, it is oftentimes defined 
as a smaller luminance value) the OLED is considered “on”, and the corresponding voltage is 
called the turn-on voltage (Von). Theoretically, this third region is described by the Mott–Gurney 
law: 

𝐽𝐽3 =
9
8
𝜀𝜀𝜀𝜀

(𝑉𝑉 − 𝑉𝑉bi)2

𝐿𝐿3
(2. 41) 

Where ε is the material permittivity, µ is the combined mobility of electrons and holes, V is the 
applied voltage and L is the material thickness. The charge carrier mobility can then be extracted 
from this relation, as will be done in section 5.2. 

 

2.4.2 Solar Cells 
 

In general, organic solar cells can be described as the opposite of OLEDs. The simplest 
approach is an organic semiconductor between two metal electrodes. Incident light is absorbed 
in the organic material, and excitons are formed if the light is of energy bigger than the band 
gap of the active material. The charges are then separated by the electric fields created by the 
built-in potential of the employed heterojunction materials. As with OLEDs, this approach 
works but is highly ineffective since the electric field is not strong enough to adequately prevent 
carrier recombination. Various approaches have been taken to address this problem. Two active 
layers, one as a donor and one as an acceptor, increase the local electric field so that excitons 
can be split more efficiently. However, since the splitting is taking place at the interface 
between donor and acceptor, and since the diffusion length of excitons in organic 
semiconductors is small (~10 nm) only the area immediately around the heterojunction is 
effective in splitting excitons and generating unbound charge carriers. Mixing donor and 
acceptor into a bulk heterojunction can solve this problem. In this type of material, excitons can 
easily reach an interface and split up. However, if the materials are too finely distributed, the 
current flow is impeded. Therefore, care must be taken when designing OSC interfaces. 

If a solar cell is measured in the dark, the JV curve obtained corresponds exactly to that of a 
normal diode. At exposure to light, the curve is the resulting superposition of the diode curve 
and the current generated by the light.[72] That means the curve is shifted into the negative area. 
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Therefore, the JV characteristics of an OSC can be described by the Shockley diode equation 
(eq. 2.40) along with an added term JL describing the light-generated current density:[73] 

𝐽𝐽 = 𝐽𝐽𝑆𝑆 �𝑒𝑒
𝑉𝑉
𝑛𝑛𝑉𝑉𝑇𝑇 − 1� − 𝐽𝐽𝐿𝐿 (2. 42) 

Here, JS is the saturation current density (under reverse bias), V the voltage across the cell, and 
n the ideality factor (n is added to account for an imperfect diode, mainly charge carrier 
recombination. It is one for an ideal diode and higher for real diodes). VT denotes the thermal 
voltage, a value calculated from the elemental charge e and the Boltzmann constant k at a given 
temperature T: 

𝑉𝑉𝑇𝑇 =
𝑘𝑘𝑘𝑘
𝑒𝑒

(2. 43) 

At room temperature (300 K), the thermal voltage is approximately 26 mV. A typical JV  
curve of a solar cell is portrayed in Figure 2.15. Important solar cell characteristics are included: 
The short-circuit current density Jsc is the value of the current density at which the voltage is 
zero, i.e., the cell is short-circuited. Voc, the open-circuit voltage, is the maximum voltage 
available from the cell, which happens at a current density of zero. It is given by rearranging 
equation (2.42): 

𝑉𝑉𝑜𝑜𝑜𝑜 = 𝑛𝑛𝑉𝑉𝑇𝑇 ln � 
𝐽𝐽𝐿𝐿
𝐽𝐽𝑆𝑆

+ 1� (2. 44) 

 

 
Figure 2.15. Current density-voltage characteristics of a typical OSC. Important parameters such as the open-
circuit voltage Voc, the short circuit current density Jsc, and the maximum power point MPP are marked. The inset 
shows an equivalent circuit diagram of an OSC including the series and parallel resistances Rs and Rp. Modified 
from [74,75]. 
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Multiplying the voltage and current gives the power produced by the solar cell. The maximum 
power point (MPP) is the point (voltage/ current) where the cell delivers the maximum output 
power. It is an important value when calculating the fill factor (FF) of the solar cell, which 
together with Jsc and Voc determines the maximum available power from the OSC. In Figure 
2.15. the fill factor is shown as the quotient of the gray rectangle and the dashed one. Calculation 
of FF is done as follows from the current and voltage at MPP: 

𝐹𝐹𝐹𝐹 =
𝑉𝑉𝑀𝑀𝑀𝑀𝐽𝐽𝑀𝑀𝑀𝑀
𝑉𝑉𝑜𝑜𝑜𝑜𝐽𝐽𝑠𝑠𝑠𝑠

(2. 45) 

 

The bigger the fill factor is, the more efficient the OSC. Generally, the efficiency can be given 
by the ratio of input to output power. The efficiency, or in this case power conversion efficiency 
(PCE), can also be described by the product of the FF with the Jsc and Voc: 

𝑃𝑃𝑃𝑃𝑃𝑃 =  
𝑉𝑉𝑜𝑜𝑜𝑜𝐽𝐽𝑠𝑠𝑠𝑠𝐹𝐹𝐹𝐹
𝑃𝑃𝑖𝑖𝑖𝑖

(2. 46) 

Pin is the input power of the cell, under standard experimental conditions (AM1.5, 25 °C) the 
input power is 1 kW m-2. AM1.5 describes a standard solar spectrum at sea level through  
1.5 atmosphere thickness (corresponding to a solar zenith angle of 48.2°) that is used to test 
solar cells. This spectrum is appropriate for most solar cell testing in temperate latitudes such 
as central Europe.[76] Other AM values exist for different latitudes. Testing the cells with a 
standardized AM spectrum enables the comparison of differently manufactured cells. 

Until now an ideal solar cell was assumed. In real cells, however, resistances have to be taken 
into account. The inset in Figure 2.15. shows an equivalent circuit diagram of an OSC. It can 
be described as a current source with a parallel diode. Included are also the two main 
resistances. The series resistance Rs is a result of the contact between the electrodes and the 
semiconductor as well as the resistances of the electrodes themselves. Rs mainly impacts the fill 
factor, which is lowered. The parallel (shunt) resistance Rp is mainly caused by defects while 
manufacturing the OSC. Power losses in the cell are caused by providing an alternative path for 
the current, bypassing the diode. Equation 2.42 can then be adapted to include these resistances: 

𝐽𝐽 = 𝐽𝐽𝑆𝑆 �𝑒𝑒
𝑉𝑉−𝐽𝐽𝑅𝑅𝑠𝑠
𝑛𝑛𝑉𝑉𝑇𝑇 − 1� − 𝐽𝐽𝐿𝐿 +

𝑉𝑉 − 𝐽𝐽𝑅𝑅𝑠𝑠
𝑅𝑅𝑝𝑝

(2. 47) 

However, it should be noted that this is an implicit function since the current density appears 
on both sides of the equation. Therefore, numerical solution methods are required.  

This theoretical consideration provides the basis for examining the characteristics of the solar 
cells produced in section 5.2.  
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3 Experimental Techniques 
 

In this chapter, the theoretical background and the practical applications of the processing and 
measuring techniques used in this work are briefly described. Solution processing methods are 
described first, followed by evaporative techniques. In the second part, the characterization 
methods for optical, electrical, and morphological analysis, as well as the laser structuring setup 
are illustrated. As multiple setups were custom-built while working on this thesis, namely the 
EQE, haze, bending, and OLED measuring apparatus, these setups are explained in more detail. 
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3.1 Sample Preparation 
 

This section describes the various sample preparation techniques used in this work. Plasma 
treatment, spin coating, doctor blading, inkjet printing, and physical vapor deposition are briefly 
discussed theoretically as well as practically. 

 

3.1.1 Plasma Treatment 
 

Before coating a surface by any one of the techniques discussed in the next section, it is 
important to have adequate wetting behavior. This means that the ink or solution in contact with 
the surface of a substrate forms a homogenous, closed layer rather than being prone to de-
wetting, which is the process in which a layer of liquid contracts into a smaller area due to its 
surface tension. To guarantee this, two factors can be improved via plasma treatment. Firstly, 
the sample surface is freed from contaminants by the active plasma. Especially when using a 
reactive gas such as oxygen to generate the plasma, surface contaminants are oxidized by the 
plasma species into more volatile constituents such as carbon dioxide and water.[77] Then, the 
vacuum pump of the plasma chamber removes these from the sample. Secondly, the wetting 
behavior can be improved by activation of the sample surface by plasma treatment. Here, the 
sample is exposed to an oxygen plasma by which functional groups can be deposited onto the 
sample surface.[78] Polar groups such as OH groups can drastically improve the surface energy 
and thus change the wetting and work function of the material through plasma-generated 
surface dipoles.[79] 

For a more detailed description of this topic see section 3.2.6. Plasma treatment can also be 
used for curing metallic inks as seen in chapter 4. From a purely technical point of view, the 
sample is placed in a vacuum chamber for plasma treatment. The chamber is evacuated, and a 
small flow of working gas is applied. Then plasma is generated by a variety of processes such 
as arc or corona discharge or radio frequencies. 

In this work, the wetting behavior is improved by applying a plasma treatment with a Diener 
Femto plasma system. The sample surface is then ready for further coating steps with a solution 
processing technique. 

 

3.1.2 Solution Processing 
 

Spin coating: Spin coating is a very basic method to fabricate a thin film. In this process, the 
samples are rotated at variable speeds. Solutions are dispensed onto the substrate and are then 
spread over the substrate by the centrifugal force. A distinction must be made between static 
and dynamic spin coating. In the former, the solution is applied before the sample is rotated, in 
the latter, the solution is deposited onto a sample that is already rotating. The film thickness 
achieved through spin coating is theoretically described by a variety of different models, each 
accounting for different solution properties. The most important seems to be solution viscosity, 
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its evaporation rate, and angular velocity. According to a model by Chen,[80] the layer thickness 
h can be calculated as follows: 

ℎ = 𝑘𝑘3 �
𝐸𝐸𝐸𝐸
𝐶𝐶𝑝𝑝
�
𝛾𝛾

𝜂𝜂0
𝛽𝛽𝜔𝜔𝛼𝛼 (3. 1) 

E is the average solvent evaporation rate, and λ denotes the latent heat of evaporation. Cp the 
solvent’s heat capacity, η0 the solution viscosity, ω the angular spin coating velocity, and k3, α, 
β and γ are constants. The exponents α and β were found to be fairly independent of the solvent 
used, being around 0.29 to 0.39 for β, and around -0.5 for α, while k3 and γ are strongly 
depending on the solution used. Solvent volatility, an additional parameter is not considered in 
this model. However, literature indicates that highly volatile solutions lead to higher film 
thicknesses.[81] Even though the formula mentioned above can accurately describe what 
influence the spin coating parameters have on the film thickness, it is not very practical to use. 
Therefore, a simpler relation between the spin coating speed ω and the film thickness ℎ is 
oftentimes enough to obtain a film of the correct thickness: 

ℎ ∝
1
√𝜔𝜔

(3. 2) 

Throughout this thesis, this simple approach was used to determine the spin coating speeds. 
This work uses an Ossila Spincoater with a rotation speed between 1000 and 6000 rpm. Static 
as well a dynamic spin coating was used. An overview of the steps of a typical spin coating 
process can be seen in Figure 3.1. 

 

 
Figure 3.1. Schematic view of the spin coating process. (a) A solution is applied to the sample. (b) Excess solution 
is removed via rotation. (c) The solvent evaporates to result in a solid film. Sample rotation can be varied or kept 
constant through all three steps.  

 

When scalability is considered, the process of spin coating faces multiple challenges. Large 
amounts of solution must be dispensed to fully cover an area, of which only a small part is 
deposited on the substrate.[82] With polymeric research materials easily reaching prices of 
1000 € per gram, this is not a feasible approach. Additionally, the further away from the center 
a point on the substrate is, the less homogeneous the thin film becomes. For such samples, 
doctor blading can be used as an alternative method. 

 

a b c 
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Doctor blading: In doctor blading, sometimes also just called blade coating, a thin blade is 
placed at a short distance over the substrate surface. A small amount of solution is deposited, 
and the blade is moved over the surface area. The movement of the blade applies a shear force 
to the solution, spreading it through the gap between the blade and the surface onto the substrate. 
Heating of the substrate table is commonly applied as well. The thickness of the coated film is 
dependent on the solvent properties, the table temperature, the gap between the substrate and 
blade, and the speed of the blade. A model equation for the resulting film thickness (assuming 
a Newtonian flow) is given by Chou et al. [83]: 

ℎ =
𝛼𝛼𝛼𝛼ℎ

2
𝜌𝜌𝑙𝑙
𝜌𝜌𝑓𝑓
�1 +

ℎ2Δ𝑃𝑃
6𝜂𝜂𝜂𝜂𝜂𝜂

� (3. 3) 

Here, α and β are correction factors for the side flow and the shrinking of the solution while 
drying, h is the blade gap, ρl and ρf are the densities of the liquid and the dried film, ΔP is the 
liquid pressure head, η the solution viscosity, v the blade speed and L the blade length. While 
doctor blading requires manual deposition of the solution, slot-die coating automatically 
dispenses solution through the blade. The rest of the coating process is analogous to doctor 
blading. 

Here a Zehntner ZAA 2300 doctor blade was used with variable speeds between 10 mm and 
50 mm s-1 and different substrate table temperatures. Figure 3.2 shows a schematic 
representation of the doctor blading process. 

 

 
Figure 3.2. Schematic view of the doctor blading process. Ink is spread by a blade onto a substrate and dried by 
an integrated hotplate. Film thickness depends on the coating speed, ink parameters such as the viscosity or 
loading, and the table temperature. 

 

Inkjet printing: Though the aforementioned techniques of spin coating and doctor blading are 
mostly utilized to coat the whole substrate area, partial coverage, even down to single lines or 
drops is sometimes required. Inkjet printing as a drop-on-demand (DOD) technique can fulfill 
these requests. Historically, there were two types of inkjet printing, continuous and drop-on-
demand printing. Continuous inkjet printers print with a continuous stream of solution (the ink) 
from a cartridge. The stream then breaks into droplets which are deflected and directed to their 
target positions by electric fields. While this is a very fast printing technique, it is also very 
wasteful as the unneeded ink from the continuous stream is discarded.  
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The other type of printer uses ink cartridges with a variety of different techniques such as piezo 
actuators, thermal or acoustic actuators, or electrostatic fields to produce small droplets with a 
drop volume in the range of picolitres.[84,85] After detaching from the nozzle, the shape of the 
droplet is strongly dependent on viscous forces and surface tension. Inks with lower surface 
tensions generally result in smaller droplets and therefore allow for higher print resolution on 
the final substrate.  

However, to fully cover larger areas, the droplets must merge on the substrate, requiring a well-
adjusted balance between different parameters such as ink viscosity, solvent evaporation, and 
surface free energy of the substrate.[86] To achieve a higher throughput of material, in 
commercial inkjet printers, multiple nozzles are used simultaneously. In contrast, so-called 
single nozzle printers rely on only one nozzle to accomplish printing of extremely fine details. 

In this work, a PiXDRO LP50 system from Meyer Burger/Süss Microtec was used in 
combination with a Spectra S-Class printhead with a nominal drop volume of 30 pl. The 
printhead utilizes the piezoelectric effect for droplet generation. This means that a voltage, 
which is applied to the piezoelectric actuator, causes a deformation of the crystal. The 
deformation creates a pressure wave in the ink which ultimately expels it out of the nozzle 
opening. A schematic representation of this process is shown in Figure 3.3 Properly adjusting 
the timing and voltage levels of these pulses is critical, as wrong values can easily result in 
misaligned drops or the creation of unwanted satellite drops. Thus, optimization of the printhead 
waveform is essential for every new ink. 

 

 
Figure 3.3. Simplified scheme of piezoelectric droplet ejection. (a) The piezo element defines the shape of the ink 
chamber. (b) When a voltage Vp is applied, the piezo contracts, expanding the chamber, which creates a pressure 
differential to draw additional ink into the chamber. (c) By returning the piezo and thus the chamber to their 
original dimensions, the excess ink is ejected as a droplet. 

 

Another important parameter when printing is the viscosity of the ink, which also needs to be 
carefully adjusted. A viscosity that is too high can prevent proper jetting and clog the printhead, 
while too low viscosity will cause the ink to run out of the head, dripping the ink uncontrolled 
onto the sample, or spreading too much on the substrate. By heating the printhead, the viscosity 
can be adjusted to some extent, but most adjustment is done by additives in the ink. The so-
called “magic triangle” of inkjet printing (see Figure 3.4) gives an overview of these print-
quality influencing factors.[87] The substrate, ink, and printer are all related to the print quality 
by different factors which need to be carefully adjusted.  

a b c

Vp
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Figure 3.4. The magic triangle of inkjet printing. This shows the simplified influences every element has on the 
quality of the finished print. Modified from Klug et al.[87] 

 

3.1.3 Physical Vapor Deposition 
 

Physical vapor deposition is a group of procedures that use physical processes (in contrast to 
chemical vapor deposition) to produce thin films from precursor materials such as metals 
(commonly used are gold, silver, or aluminium) or organic materials. The precursors are 
vaporized by heating them with a current flow, electron beam, or laser under vacuum. 
Alternatively, an ion beam can be used in a process called sputtering to eject microscopic 
particles from the material surface. Vapors then condense on the target surface to form a thin 
film. For the particles to reach the surface, the process must take place in a vacuum. The 
important variable here is the mean free path λ of the particles: 

𝜆𝜆 =
𝑘𝑘𝐵𝐵𝑇𝑇

4𝜋𝜋𝜋𝜋𝑟𝑟2
(3. 4) 

kB denotes the Boltzmann constant, T the temperature, p the pressure, and r the particle radius. 
λ needs to be much larger than the distance between the source and target to minimize the 
possibility of particle collisions. For controlling the thickness of the deposited layer, a quartz 
microbalance is used in which a quartz crystal vibrates with a set frequency. When materials 
are deposited on the crystal, its frequency changes. If one compares the altered frequency with 
that of a pristine reference crystal, the mass of the deposited material and from it, the thickness 
of the same can be calculated. Günther Sauerbrey demonstrated in the 1950s that there is a 
linear relationship between the crystal mass and its oscillation frequency when three conditions 
apply: Firstly, the crystal mass must be large compared to the added mass. Secondly, it is 
assumed that the added mass is absorbed rigidly onto the crystal and lastly, the additional mass 
is distributed evenly over the whole active crystal area.[88]  
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If these conditions are met, the Sauerbrey equation can be applied: 

Δ𝑚𝑚 = −
𝐶𝐶
𝑛𝑛
Δ𝑓𝑓 (3. 5) 

Δm and Δf are the changes in mass and frequency, n is the overtone number, and C is the mass 
sensibility, a crystal dependent constant. 

 

 
Figure 3.5. Schematic view of a vapor deposition chamber. The whole setup is under vacuum. Metals or organic 
materials can be placed in the crucible and are thermally evaporated by heating the crucible with an electric current. 
The thickness of the evaporated film is measured with a quartz crystal microbalance (QCM). 

 

A custom-built vapor deposition chamber was used for all evaporations in this work. Figure 3.5 
shows a schematic overview of the evaporation setup. 

 

 

3.2 Characterization 
 

After samples have been prepared using one or multiple of the above-mentioned procedures, 
they must be characterized to determine their morphological, optical, or electrical properties. 
This section aims at giving a brief insight into the applied measurement techniques and their 
physical background. 
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3.2.1 Transmission and Emission 
 

UV-Vis spectroscopy: In a very basic sense, light passing through a material can be described 
as follows: At the surface, a part of the light gets reflected, and another enters the medium. The 
entering part can further be divided into a part that gets absorbed and the part that successfully 
passes through the material.  

If we consider the reflected part to be negligibly small, the light intensity before and after the 
sample can be described as an exponential drop: 

𝐼𝐼 = 𝐼𝐼0𝑒𝑒−𝛼𝛼𝛼𝛼 (3. 6) 

Here I0 is the initial and I the final intensity, α the absorption coefficient, a material parameter, 
and d the film thickness. Solving this equation for the absorption coefficient yields: 

𝛼𝛼 =
1
𝑑𝑑
⋅ ln �

𝐼𝐼
𝐼𝐼0
� (3. 7) 

Considering that in optical spectroscopic measurements usually the absorbance A is measured,  

𝐴𝐴 = log10
𝐼𝐼
𝐼𝐼0

(3. 8) 

and taking into account the base change of the logarithm, it is found that: 

𝛼𝛼 =
1
𝑑𝑑
⋅

log10 �
𝐼𝐼
𝐼𝐼0
�

log10(𝑒𝑒) ≈ 2.3 ⋅
𝐴𝐴
𝑑𝑑

(3. 9) 

When measuring using UV-Vis instruments, usually the transmission T of light is measured. 
The absorbance can subsequently be calculated from the transmission (in percent): 

𝐴𝐴 = 2 − log10 𝑇𝑇% (3. 10) 

From the UV-Vis measurements, the optical bandgap of a material can be estimated. For 
organic semiconductors, it is oftentimes sufficient to use the onset of the absorption curve as 
the value for the optical gap, while for metals and metallic semiconductors a Tauc plot can be 
used.[89] In this method developed by Jan Tauc, the optical bandgap is derived from the 
absorption coefficient and absorbance spectrum of a material. Plotting (𝛼𝛼ℎ𝜈𝜈)1/𝑟𝑟, where h is 
Plank’s constant and ν the photon frequency, to different powers against the photon energy hν 
and extrapolating the linear regime to the x-axis yields the bandgap energy of the material. The 
exponent r accounts for different transition types: r = 1/2 indicates a direct allowed transition 
bandgap, r = 2/3 a direct forbidden gap, r = 2 an indirect allowed one, and r = 3 an indirect 
forbidden transition.[90] 

In this work, a Perkin Elmer Lambda 950 double-beam spectrometer is used. The advantage of 
this instrument is that it simultaneously measures the transmission of a sample and a blank, 
thereby automatically correcting for the influence of the sample substrate. The incident light, 
from a white light source such as a halogen or deuterium lamp, is dispersed by a prism or grating 
and sent through the sample and reference. The transmitted light is then measured and 
displayed. 
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Infrared spectroscopy: While UV-Vis spectroscopy uses UV and visible light to investigate a 
sample, infrared (IR) spectroscopy uses IR light. This light does not possess enough energy to 
excite electrons to higher states. However, molecular vibrations can be excited by the 
absorption of infrared light. Since these vibrations are specific to functional groups of 
molecules, their presence or absence can be determined via the IR spectrum.[91]  

Fourier-transformed infrared spectroscopy (FTIR) is an alternative IR spectroscopy method. 
Instead of shining a monochromatic beam of light onto a sample, an interferometer produces a 
multi-frequency beam, which is directed onto the sample. This measurement is repeated with 
different frequency compositions to obtain multiple data points. In the last step, the absorption 
spectrum is calculated from the so-called interferogram using Fourier transformation.  

 

Photoluminescence: As previously described, when light passes through a medium a portion 
of it is transmitted, and some is absorbed. While the transmitted part can be analyzed via UV-
Vis measurements, photoluminescence deals with the part of the light that gets absorbed. This 
light is interacting with the material, inducing excited electronic states due to the absorptions 
of photons. Excited states decay quickly either radiatively by emitting a photon with less energy 
than the incident one or non-radiatively via vibrational relaxation. Like in UV-Vis, light from 
a white light source is split by a diffraction grating and sent onto the sample. Two different 
kinds of spectra can be measured: emission and excitation spectra. Emission spectra are 
measured by exciting a material with light of a fixed wavelength. A spectral region is then 
scanned, and the intensity of the emitted light is recorded. To measure excitation spectra, the 
detector is kept at a fixed wavelength while simultaneously varying the wavelength of the 
excitation light. Again, the intensity of the emitted light is recorded.  

For excitation and emission measurements, Edinburgh Instruments fluorescence spectrometers 
(FLS980 and FS5) were used. 

 

3.2.2 Energy Level and Element Determination 
 

There are multiple techniques to determine energy levels or the elemental composition of 
materials. All photoemission spectroscopy techniques described in this section are based on the 
fundamental principle of the photoelectric effect. This effect describes that materials exposed 
to electromagnetic radiation such as light or X-rays emit electrons. Using Planck’s theory of 
quantized radiation, Albert Einstein showed that the frequency of the incident radiation, not 
intensity, is the key factor in releasing electrons from a material. [92] To release an electron, the 
energy of the incident radiation has to exceed the binding energy of the electron, which 
corresponds to the work function of the material. If the incoming radiation has excess energy 
compared to the work function, this energy can be transferred to the electron as kinetic energy 
resulting in the following relation: 

𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑚𝑚 = ℎ𝑓𝑓 − Φ (3. 11) 
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Ekin is the maximum kinetic energy of the outcoming electron, h is Planck’s constant, f is the 
frequency of the incoming radiation, and Φ the material work function. The following 
techniques are used in this work: 

 

Photoelectron yield spectroscopy (PYS): By using photoelectron yield spectroscopy, the work 
function of a material can be determined. To give a more detailed description, PYS measures 
the ionization energy of a sample (as a reminder, for metals this is equal to the work function, 
see section 2.2). A sample under ambient conditions is exposed to UV radiation of varying 
energy. The photoelectrons generated are accelerated towards the detector by an electric field, 
where they trigger an electron avalanche in the surrounding gas. These secondary electrons are 
then counted by the detector. This co-called open counter was invented in 1979 by Uda and 
Kirihata.[93] After the counting, another electric field quenches the avalanche, while a second 
field prevents electrons and ions from the avalanche from contaminating the sample. A linear 
fit of the photon energy via the detected counting rate yields the ionization potential. 

In this work, an AC2 photoelectron yield spectrometer by Riken Keiki is used with incident 
photon energies between 4.2 eV and 6.2 eV. 

 

UV photoemission spectroscopy (UPS): UV photoemission spectroscopy works on a similar 
principle to PYS. UV light with higher incident energy than PYS is used to generate 
photoelectrons from a sample. Since, in contrast to PYS, UPS works under vacuum, these 
electrons are then directly examined by an energy analyzer. Compared to XPS, explained in the 
next paragraph, UPS has lower energies and is limited to probing the energy levels of valence 
electrons. Since UPS detectors have a very high energy resolution, even the fine structure of 
materials can be investigated. However, the short penetration depth of UV light makes UPS 
particularly surface sensitive.[94] By probing the onset of the kinetic energy of the electrons in 
a UPS spectrum, the valence band onset of the probed material can be determined. Furthermore, 
the work function can be determined from the secondary electron cut-off.[95]  

 

X-ray photoelectron spectroscopy (XPS): In contrast to UPS, X-ray photoelectron 
spectroscopy uses X-rays as incident radiation to investigate the sample. This means that with 
its higher energies in the range of 200 eV to 2 keV, core levels of the atoms in the sample are 
probed, making this technique highly element sensitive. All elements except hydrogen and 
helium, which have a too-small scattering cross-section, can be identified by XPS. Electrons in 
the sample absorb the X-rays and leave the sample. Their energy is characteristic of a particular 
atomic orbital, allowing the elemental composition of the sample to be determined. Since the 
local bonding environment also affects electron energies, chemical states can be probed by XPS 
as well.[96,97]  

On their way to the surface, the core electrons can excite and release additional electrons leading 
to a broad background in the XPS spectrum. This has to be taken into account while analyzing 
the data. Furthermore, positive charge accumulation on non-conductive samples due to 
electrons being emitted must be prevented as well. The charge buildup can lead to a shift or 
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distortions in the XPS spectrum.[98] Grounding the sample (with sufficient conductivity) or 
other compensation can be applied to alleviate this problem. 

For all UPS and XPS measurements in this work, a JEOL JPS 9030 photoelectron spectrometer 
system was used. The UV excitation source, using the Lyman α line was controlled by an 
Excitech E-lux EPU unit within the JEOL system. 

 

3.2.3 Morphology 
 

Surface morphology can be investigated by a variety of different contact or non-contact 
techniques. In this work, the following was used: 

 

Confocal laser scanning microscopy: With this technique, the surface morphology as well as 
the sample roughness can be analyzed. Optical images of the surface can be taken over a large 
area via an image stitching algorithm. With confocal laser scanning, the thickness of surface 
structures can be assessed by rastering the surface and taking laser scans at different focus 
depths. A pinhole in the instrument ensures that of the reflected light only the part in focus can 
reach the detector. When analyzing a film's thickness, the film has to be scratched first to obtain 
depth data. 

A LEXT OLS4100 laser scanning microscope from Olympus was used in this work. It has a 
magnification of up to 100x and a Z resolution of 10 nm. 

 

Profilometry: With profilometry, the surface of a sample can be analyzed in terms of roughness 
and curvature. There are contact and as non-contact profilometers. In the contact one used here, 
a stylus is dragged over the sample surface and its vertical displacement is measured as a 
function of position. Care must be taken to select an appropriate tracking force to not scratch 
the sample while measuring. Again, for measuring the film thickness, a scratch is made through 
the film. 

A DektakXT stylus profiler from Bruker was used for the experiments in this thesis.  

 

Scanning force microscopy: Sometimes also known as atomic force microscopy, scanning 
force microscopy (SFM) uses a cantilever with an extremely fine tip to record interactions with 
a sample surface. When being rastered over the surface area in very close proximity, 
interactions such as mechanical contact forces or van der Waals forces deflect the cantilever.[99] 
This deformation is measured by reflecting a laser from the cantilever onto a segmented 
photodiode, making even minimal movements visible. According to the feedback from this 
measurement, a constant force between the tip and the surface can be retained. 

Multiple measurement modes are possible for SFM. In contact mode, the tip of the cantilever 
is in physical contact with the sample surface. The tip is dragged along the surface contour and 
the cantilever position is directly measured and displayed as a height profile. When measuring 
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in non-contact mode, the cantilever is oscillated at or sometimes slightly above its resonant 
frequency. Surface forces that attract or repel the tip influence the recorded oscillation 
frequency. Since this frequency can be recorded with extremely high precision, the non-contact 
mode was the first mode to achieve atomic resolution.[100] In between the two aforementioned 
modes is the so-called dynamic contact or tapping mode. Here the cantilever oscillates near its 
resonance frequency and only intermittently comes into close contact with the sample surface. 
This alleviates lateral forces acting between the tip and the sample.[101] The change in cantilever 
frequency is used for motion feedback, where a controller attempts to keep the oscillation 
amplitude constant. An image in this mode is a recording of the force of intermittent contacts 
between the tip and sample.[102] Next to the measuring modes relying on contact forces, there 
is a multitude of different techniques combining SFM with magnetic microscopy, [103] chemical 
force,[104] Kelvin probe measurements, [105] and much more.  

To measure SFM a Bruker FastScan SFM in tapping mode was used for this work. 

 

3.2.4 Thermal analysis 
 

Thermal analysis is a set of measurement techniques that study material properties as 
temperature changes. There are a variety of different techniques, two of which are used here: 

 

Differential scanning calorimetry (DSC): In differential scanning calorimetry, the material to 
be analyzed is placed in a crucible. The crucible is positioned in a calorimeter along with an 
empty reference one. Here heat-flux DSC is used, where the change in heat flow is recorded 
while the sample is heated. When a material undergoes a phase transition a different amount of 
heat is required to keep the sample at the same temperature as the reference.[106] The comparison 
of the heat flow between the sample and the reference enables the amount of heat required for 
the transition to be determined.[107] 

 

Thermogravimetric analysis (TGA): TGA is a technique where the sample mass is recorded 
while it is heated. Similar to DSC, the material is placed in a crucible and is heated in an oven 
along with a reference. Heating can take place under different atmospheric conditions such as 
in a vacuum or under inert gases. This technique is used to study the thermal stability of a 
material.  A decomposition is visible as a mass loss in the resulting graph.[108] There are multiple 
measurement modes. Mass can be tracked over time at constant temperatures (static 
thermogravimetry), at stepwise increasing temperatures (quasistatic thermogravimetry), or a 
linear temperature change (dynamic thermogravimetry). TGA can be combined with other 
measurement techniques to further study material degradation.[109] 

 

3.2.5 Sheet Resistance 
 
When fabricating a thin film of conducting material, it is necessary to measure its resistance. 
However, measuring with just a multimeter can be inaccurate since the measured resistance 
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would be dependent on the measuring length. Since in contrast to that, the sheet resistance is 
invariable under scaling of the film size, it can be used to directly compare films of different 
dimensions and geometries. Sheet resistance can be measured via a 4-point probe. This 
instrument has four equally spaced probes. Through the outermost probes, a current is injected 
into the sample. A voltage meter is connected between the inner probes. Since a voltmeter has 
very high resistance, no current flows through the inner probes and therefore the wire 
resistances do not contribute to the measurement. The drop in voltage between the inner probes 
is therefore only caused by the sample resistance. From the voltage drop ΔV and the applied 
current I the sheet resistance can be calculated: 

𝑅𝑅𝑠𝑠ℎ =
𝜋𝜋

ln(2)
Δ𝑉𝑉
𝐼𝐼

(3. 12) 

However, it must be taken into account that this equation is a simplification that is only 
applicable if a) the material thickness tested is not thicker than 40% of the probe spacing and 
b) the sample size is significantly larger (preferably said to be at least 40 times) than the probe 
spacing. If this is not the case, correction factors must be applied.[110] 

In this work, a Jandel 4-point probe with a tip-to-tip distance of 1 mm and a tip radius of 100 µm 
is used. 

 

3.2.6 Surface Free Energy and Wetting Behavior 
 

When fabricating a sample by solution processing, the ink and the surface of the substrate must 
be matched. Not every ink can wet every surface. The so-called wetting behavior describes the 
interaction between the ink and a surface. Good wetting means that the ink can coat the surface 
well. This also implies a low contact angle (the angle between a drop of liquid and the surface). 
In general, an ink is considered to wet a surface if the contact angle is between 0° and 90° and 
non-wetting for contact angles above 90° (see Figure 3.6).[111] Most solution processing 
methods have the aim of fully covering a sample and thus low wetting is preferable. When 
fabricating well-defined structures, a delicate balance must be found, since high wetting comes 
with the drawback of lower possible resolution (for example in inkjet printing). Thin lines, for 
example, cannot be produced with ink that wets a surface too well. 

Good wetting is caused by a low surface tension of the ink and a high surface free energy of the 
substrate. While the surface tension of a liquid can be measured directly by multiple techniques, 
the surface free energy must be calculated. It can be determined by measuring the contact angle 
of a drop of ink on a surface. Using Young’s equation,[112] the surface free energy σs can be 
calculated from the contact angle θ: 

𝜎𝜎𝑠𝑠 =  𝜎𝜎𝑠𝑠𝑠𝑠 + 𝜎𝜎𝑙𝑙 ⋅ cos𝜃𝜃 (3. 13) 

σsl is the interfacial tension between the liquid and solid and σl is the surface tension of the ink. 
Since the contact angle is measured with fluids of known surface tension, the additional 
unknown variable σsl has to be determined. This can be done via a variety of methods but the 
most commonly used is the Owens, Wendt, Rabel, and Kaelble (OWRK) method.[113–115] Each 
surface tension can be described as having a polar and a dispersive part: 
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𝜎𝜎𝑙𝑙 = 𝜎𝜎𝑙𝑙𝑑𝑑 + 𝜎𝜎𝑙𝑙
𝑝𝑝 (3. 14) 

This is used in the OWRK model, where the interfacial tension is calculated using two liquids 
with known surface tension (polar, as well as dispersive part. At least one liquid must have a 
polar part > 0): 

𝜎𝜎𝑠𝑠𝑠𝑠 = 𝜎𝜎𝑠𝑠 + 𝜎𝜎𝑙𝑙 −𝑊𝑊𝐴𝐴 (3. 15) 

where the adhesion work WA is calculated as follows: 

𝑊𝑊𝐴𝐴 = 2��𝜎𝜎𝑠𝑠𝑑𝑑 ⋅ 𝜎𝜎𝑙𝑙𝑑𝑑 + �𝜎𝜎𝑠𝑠
𝑝𝑝 ⋅ 𝜎𝜎𝑙𝑙

𝑝𝑝� (3. 16) 

In combination with equation (3.13), the surface free energy can then be calculated.  

 

 
Figure 3.6. Schematic view of a wetting and a non-wetting drop of liquid on a solid surface. Also shown is the 
relation between the surface free energy σs, the surface tension of the liquid σl, the interfacial tension between the 
liquid and solid σls, and the contact angle θ. 

 

When having a large batch of different substrates, it is oftentimes not feasible to measure the 
contact angle for every new ink. The so-called wetting envelope can be used to determine the 
contact angle on a specific surface without actually measuring it.[116] To do this, the polar and 
the dispersive components of the inks must be known. Then, the Young-Dupré equation for the 
adhesion work WA can be used:[117] 

𝑊𝑊𝐴𝐴 = 𝜎𝜎𝑙𝑙(1 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) (3. 17) 

 

Where a solution is considered to fully wet a surface if cos 𝜃𝜃 = 1. Combining equations (3.14), 
(3.16), and (3.17) yields: 

𝜎𝜎𝑙𝑙𝑑𝑑 + 𝜎𝜎𝑙𝑙
𝑝𝑝 = �𝜎𝜎𝑠𝑠𝑑𝑑 ⋅ 𝜎𝜎𝑙𝑙𝑑𝑑 + �𝜎𝜎𝑠𝑠

𝑝𝑝 ⋅ 𝜎𝜎𝑙𝑙
𝑝𝑝 (3. 18) 

 

If now a wetting parameter R is defined, 

θ
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σL
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𝑅𝑅 = ��𝜎𝜎𝑙𝑙𝑑𝑑�
2

+ �𝜎𝜎𝑙𝑙
𝑝𝑝�

2 (3. 19) 

meaning that 

𝑅𝑅 ⋅ cos𝜑𝜑 = 𝜎𝜎𝑙𝑙𝑑𝑑 and 𝑅𝑅 ⋅ sin𝜑𝜑 = 𝜎𝜎𝑙𝑙
𝑝𝑝 . (3. 20) 

 

By inserting (3.20) in (3.18), the wetting envelope can then be displayed in a polar coordinate 
system, evaluated for φ = 0-90° as follows: 

 

𝑅𝑅(𝜑𝜑) =

⎝

⎛
�cos𝜑𝜑 ⋅ 𝜎𝜎𝑆𝑆𝑑𝑑 + �sin𝜑𝜑 ⋅ 𝜎𝜎𝑠𝑠

𝑝𝑝

cos𝜑𝜑 + sin𝜑𝜑
⎠

⎞

2

(3. 21) 

 

Now, if an ink with known polar and dispersive parts lies inside the wetting envelope, it is 
considered to wet the surface. The wetting behavior of a surface can be altered by a variety of 
techniques such as the plasma treatment described in section 3.1.1. 

In this work, a DSA100 Drop Shape Analyzer from Krüss was used to determine surface free 
energies. 

 

 

3.2.7 Charge Carrier Mobility 
 

The efficiency of electronic devices strongly is strongly dependent on the properties of the 
employed materials. One such important property is the ability of a material to conduct charge 
carriers. This property is quantified by what is called charge carrier mobility. For most organic 
semiconductors, the mobility for one type of charge carrier (electron or hole) is much higher 
than for the other. Experimentally, the charge carrier mobility can be determined from so-called 
single-carrier devices. In these components, the layer to be analyzed sits between layers with 
high conductivity for the charge carrier (e.g. PEDOT:PSS and MoO3 for holes). Current-voltage 
curves are recorded and assuming a space charge limited current, the Mott-Gurney law can be 
applied to evaluate the carrier mobility (see also section 2.4.1):[118] 

𝐽𝐽 =
9
8
𝜀𝜀𝜀𝜀
𝑉𝑉2

𝐿𝐿3
 

Here, J is the current density, ε the permittivity of the material, μ the carrier mobility, V is the 
applied bias voltage, and L is the material thickness. Through a linearized fit, the carrier 
mobility can then be calculated. However, caution has to be taken when the layer has possible 
defects as the Mott-Gurney law assumes trap-free current flow.[119] 
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3.2.8 Haze 
 

Parts of this section have been previously published.[120] Additional data has been included. 

 

A guide to qualitative haze measurements demonstrated on inkjet-printed silver 
electrodes for flexible OLEDs 

F. Hermerschmidt, M. Hengge, V.R.F. Schröder, P. Hänsch, K. Livanov, N. Zamoshchik, 
and E.J.W. List-Kratochvil 

Proc. SPIE 11808, Organic and Hybrid Light Emitting Materials and Devices XXV, 
118080B (9 August 2021); doi:10.1117/12.2594486 

 

When light passes through a transparent medium, it can be scattered. This can be caused by 
contaminants in the thin film such as particles and air bubbles, or surface irregularities. If the 
incident ray is scattered by less than 2.5° from the normal of the light source, this is called 
clarity, if it is scattered by more than 2.5° it is called haze. A high haze can be desirable, for 
example in the case of lighting applications, where utilization of high haze materials results in 
a softer, more uniform light. In contrast, in display applications, low haze materials are required 
to enable clear, sharp images for the viewer. Measurement of haze is performed according to 
the ASTM D1003 or BS EN ISO 12468 standard using either a spectrophotometer or a 
dedicated haze meter.[121,122] Both methods measure the transmittance haze TH as well as the 
total transmittance T. The haze H is then calculated by the ratio: 

𝐻𝐻 =
𝑇𝑇𝐻𝐻
𝑇𝑇

(3. 22) 

When using a spectrophotometer, four measurements are necessary to obtain the haze of a 
sample. A spectrum with a white standard at the exit of an integrating sphere, blocking the light 
output, has to be measured first. Then, the sample is added while keeping the standard. These 
two measurements are then repeated without the white standard. Calculation of the haze can 
then be performed by integrating the four measurements.[123]  

A hazemeter considerably simplifies this measurement due to the inclusion of a ring detector in 
its integrating sphere that detects the deviation of the light from its normal path of incidence.[124] 
A schematic view of this measuring instrument is displayed in Figure 3.7. Although these 
instruments offer a precise quantification of the haze of a substrate, it is oftentimes not 
necessary to determine the absolute haze value. Even the qualitative analysis of the haze of a 
sample can be of great value. Therefore, a setup to qualitatively investigate the haze of samples 
made from readily available laboratory materials can be very advantageous. From this, it can 
be determined if a sample has lower or higher haze compared to a reference, for example 
comparing a printed layer to the pure substrate as shown below. 
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Figure 3.7. Schematic representation of a hazemeter. Through a sample, the incident light is sent into an integrating 
sphere where a ring sensor detects light deviation and a detector the light intensity 

 

In commercial setups, the light source is normally a filtered white light source that is employed 
in combination with an integrating sphere. However, it was suspected that a simpler setup with 
a laser pointer as the light could be used. Instead of utilizing a ring detector to measure the 
deviation of the incident beam a simple printed sighting disc was used. Figure 3.8 shows a 
photograph of the full setup. A laser pointer is aimed at a sample at a distance of 1 cm using 
metal clamps. The scattered light was then projected onto the target 1 m away. With the camera 
being fixed on a tripod, pictures were taken in the dark with fixed exposure time, aperture, and 
gain to obtain comparable pictures. An external trigger can be used to obtain more stable 
pictures (pressing the trigger manually can vibrate or shift the camera). To verify if the haze is 
dependent on the wavelength of the incident light, different red, green, and blue laser pointers 
with wavelengths of 650 nm, 532 nm, and 405 nm were used. 

 

  

Figure 3.8. Overview of the experimental setup. The laser pointer is fixed at a distance of 1 cm from the sample. 
The target is at a distance of 1 m. Samples are held with a metal clamp. The camera is at a fixed position to obtain 
comparable images. Exposure time, aperture, and gain are set to fixed values. 
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The laser shining through the sample projects a speckle pattern on the target. By determining 
the size of the pattern, the haze of the sample can be qualitatively assessed: the bigger the 
pattern, the bigger the haze. Figure 3.9 gives a schematic view of the target pattern. At the 
target, circular lines indicate radii in 10 mm steps. With the recorded pictures, the haze angle α 
can be obtained via trigonometric calculation from the radius of the haze shape. At a distance 
of 1 m, the critical angle of 2.5° is reached by a pattern radius of 43.7 mm.  

 

 
Figure 3.9. Schematic representation of the Haze setup. A laser pointer sends light through the sample which is 
scattered and projected onto a screen. From the radius of the projected light and the distance to the sample, the 
pattern angle can be trigonometrically calculated 

 

Validation of the experimental setup was performed using different foil types. Slightly opaque 
polyethylene (PE), structured polypropylene (PP), and colored polyimine (PI) were analyzed 
with the three different wavelengths. Figure 3.10 gives the haze pattern radius, the haze angle, 
and the deviation from the reference angle, measured without a sample in the setup. The diffuse 
Mylar shows increased haze under all wavelengths with a haze angle of 2.9°. Surface 
structuration of the foil, as in the case of PP, significantly increases the haze as expected. Here 
an angle of 5.7° was observed. The clear Kapton exhibits a low haze angle of 1.7° for red and 
0.8° for green light respectively. Since the orange foil absorbs the blue light, measurements 
could not be performed at 405 nm. One must note that the measurements for different samples 
are only comparable when performed with the same light source, as can be seen especially for 
the PI foil, for which transmission is highly dependent on the light color. Furthermore, 
measurements taken with blue light generally show larger haze angles, which is due to the 
optical brighteners used in many commercially available papers (used for the sighting disk). 

This setup is by no means intended to replace an absolute haze measurement, as only a 
qualitative assessment of the haze is possible. However, these instructions allow building a 
simple setup using readily available laboratory equipment. As a further validation experiment, 
this setup was used in Chapter 4. Haze values of printed silver layers on glass and 
Polyethylenterephthalat (PET) were investigated. 
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Figure 3.10. Haze quantification of different materials. From the pattern size, the haze angle was calculated. Given 
under each picture are the pattern radius, the haze angle, and the difference in the angle with no sample. As a 
yellow foil, the Kapton blocks most of the blue light. Haze angles greater than 2.5° are marked in bold. 
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3.2.9 Bending 
 

For applications, where electrodes must be flexible, it is important to distinguish if the material 
properties change when the electrodes are bent. Materials should not fail i.e., show a large 
increase in resistance, when subjected to bending stress. Bending tests can be used to analyze 
stress behavior. Here a sample is bent to a known radius and its material properties are 
investigated before and after bending. An important parameter for these tests is the so-called 
bending strain ε,[125] which can be calculated as follows: 

𝜀𝜀 =  
𝑑𝑑𝑠𝑠
2𝑟𝑟

(3. 23) 

Where ds is the thickness of the sample and r is the bending radius. 

While automatic and more elaborated bending setups have been reported before,[125–127] in this 
work all bending tests were performed manually by bending the sample over a 3D-printed 
cylinder with a specific radius. 

 

3.2.10 Electrical and Optical Device Characterization 
 

To evaluate the performance of manufactured OLEDs, their electrical and optical characteristics 
have to be measured. As described in section 2.4.1 this includes an analysis of the current 
density versus the luminance as well as optical characterization in the form of 
electroluminescence spectra. For both measurements, a custom setup was built, and it is 
described in more detail in this section. 

 

Current Density-Voltage-Luminance: JVL analysis was performed by connecting the OLED 
device to a two-channel Keithley 2612B SMU power source and measuring the flowing current 
over a predetermined voltage range. Luminance values at each voltage step are recorded with a 
Konica-Minolta LS160 luminance meter. A multiplexer board allows automatic pixel switching 
if a multipixel substrate is used. Pictures of the devices (under operation or inactive) can be 
taken with the help of an automatic ring light and a USB camera. Targeting of the luminance 
meter is done manually with an XY stage. While measuring, the specimen can be actively 
cooled to avoid overheating. Since the whole measurement is light-sensitive, the setup is 
enclosed in a dark box. The setup is made to be as automated as possible to enable long-term 
measurements. 

The software controlling the setup was programmed fully in C#. It allows to control the 
measurement instrument and automatically analyzes and plots the OLED characteristics. Next 
to normal JVL quantifications, lifetime measurements (with different exit conditions), 
hysteresis analysis, and OLED preconditioning are included in the program. After finishing the 
measurement, important OLED parameters are calculated automatically as follows: 
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1. Current Density:  
The current density J is calculated from the OLED current I and the active area A of the 
OLED: 

𝐽𝐽 =
𝐼𝐼
𝐴𝐴

(3. 24) 

2. Current Efficacy: 
The current efficacy ηI of the OLED can be calculated by dividing the measured 
luminance L by the current density: 

𝜂𝜂𝐼𝐼 =
𝐿𝐿
𝐽𝐽

(3. 25) 

3. Turn-on Voltage: 
The turn-on voltage Von is the voltage, at which the OLED is considered to be active. 
Most of the time, it is defined as the voltage at which the luminance first exceeds a value 
of 1 cd m2. However, for low-light emission, a Von of 0.1 cd m-2 might be more 
appropriate. It is therefore crucial to define the turn-on voltage every time before using 
it. If the turn-on lies between two measurement points it is linearly approximated. 
 
 

A copy of the setup is also built into a glovebox to enable measurements under inert conditions. 
Here the candelameter is replaced by a photodiode. This means that the luminance cannot be 
directly measured but has to be obtained via a calibration process. Since, in contrast to the 
candelameter, the photodiode has no internal integration time, the measurement process 
proceeds much faster.  

 

 
Figure 3.11. Overview of the JVL and EL measuring station. The light-sensitive parts are enclosed to protect from 
false readings due to stray light. The highlighted section in the enclosure is magnified in Figure 3.12. 
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Electroluminescence and CIE color: Electronic states in a semiconductor can be excited not 
only by activation with light (photoluminescence, see section 3.2.1) but also by electronic 
activation, then called electroluminescence (EL). When an organic semiconductor is connected 
to an electric current, charge carriers are injected according to the applied voltage. This injection 
results in the formation of excitons, which can recombine and radiatively or non-radiatively 
decay. [128] The radiative decay emits light, the wavelength of which is then measured by a 
detector. From the measured spectra, the CIE color coordinates can be calculated. Defined by 
the Commission Internationale de l’éclairage (CIE) in 1931 these coordinates were the first to 
define a quantitative link between a distribution of wavelengths in a spectrum and humanly 
perceived color.[129] In display and lighting technology the CIE coordinates are used to 
determine the color gamut of a display, meaning the subset of all colors that a display can 
accurately reproduce. The gamut is dependent on the subpixel wavelength and a wide gamut is 
preferable for natural-looking colors.[130] For a more detailed explanation of this topic see 
section 2.1.2. 

Electroluminescence measurements were performed using an Ocean Optics CS2000 
spectrometer in the custom-made setup shown in Figure 3.11 and Figure 3.12. An optical fiber 
is attached to the measurement setup by a 3D-printed lid and collects the light of the device. 
The CIE coordinates were calculated from the EL spectrum with the OceanView software as 
well as a custom Python script. 

 

 
Figure 3.12. Close-up of the JVL measurement setup in the electroluminescence mode. The optical fiber is held 
in place by a custom-designed 3D-printed lid. For actual measurements, the ring light attached to the candelameter 
is turned off. 
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3.2.11 External Quantum Efficiency 
 

As described in section 2.4.1 the external quantum efficiency (EQE) is an important factor when 
characterizing different OLED architectures. Oftentimes the EQE is not directly measured but 
calculated from the luminance recorded with a candelameter.[131,132] However, this method is 
only applicable if an even Lambertian emission pattern is assumed.[133] For correct 
measurements, an integrating sphere is required and only the forward direction of the emission 
has to be analyzed.[134,135] The EQE can then be calculated as described below. 

 

Calculation: This section describes the measurement and calculation of the EQE using an 
integrating sphere. It is important to note that this section assumes that every measurement was 
recorded with an integration time of 1 s. Therefore, energy and power are not explicitly 
converted every time they are used. All spectra need to be scaled to a time of 1 s. Per definition 
the EQE ηext is the ratio between the number of photons nP emitted from the device and the 
number of electrons nE injected into it: 

𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒 =
𝑛𝑛𝑃𝑃
𝑛𝑛𝐸𝐸

(3. 26) 

When attempting to measure the EQE it is necessary to know the responsivity of the detector 
used. This means knowing the ratio of generated current and incoming radiation. To achieve 
this, a calibrated lamp can be used. This lamp is provided with data on its spectral irradiance 
Ee,λ measured in W m-2 nm-1, meaning how much energy is reaching an area of a certain size, 
at any given wavelength. Taking into account the opening size of the integrated sphere, the 
spectral irradiance can be converted to the spectral flux Φe,λ, measured in W nm-1. 

For the energy of a photon Eλ at a given wavelength, the following relation applies: 

𝐸𝐸𝜆𝜆 =
ℎ𝑐𝑐
𝜆𝜆

(3. 27) 

Where c is the speed of light and h is Plank’s constant. From this and the lamp power W (at any 
wavelength), the number of photons (per second) can be calculated: 

𝑛𝑛𝑃𝑃 =
𝑊𝑊𝑊𝑊
ℎ𝑐𝑐

(3. 28) 

Using the following relation between the number of counts of the calibration lamp ncL and 
device ncD, as well as the number of photons calculated via (3.28) the number of photons  
(per wavelength) of the device can now be calculated: 

𝑛𝑛𝑃𝑃𝐿𝐿,𝜆𝜆

𝑛𝑛𝐶𝐶𝐿𝐿,𝜆𝜆
=
𝑛𝑛𝑃𝑃𝐷𝐷,𝜆𝜆

𝑛𝑛𝐶𝐶𝐷𝐷,𝜆𝜆
→ 𝑛𝑛𝑃𝑃𝐷𝐷,𝜆𝜆 =

𝑛𝑛𝐶𝐶𝐷𝐷,𝜆𝜆

𝑛𝑛𝐶𝐶𝐿𝐿,𝜆𝜆
∙ 𝑛𝑛𝑃𝑃𝐿𝐿,𝜆𝜆 (3. 29) 

Until now every calculation was done for individual wavelengths. To obtain the total number 
of photons of the device, the integral over all wavelengths in the data range has now to be 
calculated. Since the data is present in discrete values, all values can simply be summed up after 
multiplying them with the bandwidth Δλ used for the calibration process: 
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𝑛𝑛𝑃𝑃 = � 𝑛𝑛𝑃𝑃𝐷𝐷,𝜆𝜆 𝑑𝑑𝑑𝑑
𝜆𝜆𝑏𝑏

𝜆𝜆𝑎𝑎
= � 𝑛𝑛𝑃𝑃𝐷𝐷,𝜆𝜆 ⋅ Δ𝜆𝜆

𝜆𝜆𝑏𝑏

𝜆𝜆𝑎𝑎
(3. 30) 

Next, the number of electrons has to be calculated. Since the definition of an electrical current 
is the number of charges per second, and since all timespans here are assumed to be one second, 
the number of electrons flowing into the device can simply be calculated by dividing the device 
current ID by the elemental charge e: 

𝑛𝑛𝐸𝐸 =
𝐼𝐼𝐷𝐷
𝑒𝑒

(3. 31) 

Finally, from this, the EQE can be calculated using equation (3.26). 

 

Setup: The EQE setup was built in a dark laboratory to avoid light contamination through 
windows or other openings. Figure 3.13 shows an overview of all components. An integrating 
sphere was fixed to an optical table and connected to a spectrometer. For calibration of the 
sphere, a calibrated halogen lamp can be affixed to a metal bar. After the warmup period, the 
lamp’s spectrum is recorded. An OLED or other device is then mounted to the sphere with a 
custom-built 3D-printed sample holder. A multiplexer board allows automatic switching of the 
eight substrate pixels. Controlling the setup and automatic calculation of the EQE value can be 
done with custom-made software. 

 

 

Figure 3.13. Overview of the custom-built EQE setup. An integrating sphere with an attached device mount is 
connected to a spectrometer. With a calibrated halogen lamp, the detector and sphere can be calibrated. 
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3.2.12 Laser Structuring of ITO Electrodes 
 

When upscaling the process of OLED fabrication, the problem of scaling the substrates arises. 
Most substrates are bought pre-patterned and are therefore not easily adaptable to new device 
formats or sizes. Therefore, a method to structure the substrates as needed is an essential tool 
when experimenting with novel architectures. This section briefly describes different possible 
techniques and then focuses on laser structuring and the different important parameters to obtain 
good quality substrates. 

 

 

 

 
Figure 3.14. Influence of different laser parameters on the structure of a lasered line. The top row shows a 5x 
magnification of seven lasered lines with different parameters. In the middle row is a 100x magnification and the 
bottom row displays the line profiles. The red line marks the ITO thickness of 120 nm. Parameters are: (a) energy 
too low, (b) correct settings, (c) energy too high, (d) mismatch in firing frequency and printing speed, (e) focus 
too low, and (f) focus too high. 
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For the de-facto standard transparent electrode material ITO, there exist three main approaches 
to obtaining structured substrates. Using shadow masks when fabricating the ITO layer directly 
leads to the desired electrode pattern. However, not every facility has the capability to fabricate 
ITO electrodes. Hence, patterning an ITO layer by chemical or physical means is an alternative 
approach. Chemically, ITO can be structured using a combination of metallic zinc powder and 
hydrochloric acid in what is called a wet etching process.[136] Although not a complicated 
process, the areas where conductivity is desired must be masked in a time-consuming process 
to avoid accidental etching. The same applies to so-called dry etching processes, in which the 
ITO is removed with different gases in a plasma process.[137] The physical structuring of ITO 
utilizes a variety of different lasers and wavelengths to remove the ITO. Via the absorption of 
the laser energy, the ITO is vaporized or ablated from the substrate.[138,139] 

A large number of different parameters can be adjusted during the lasering process in order to 
achieve optimal structuring results. Figure 3.14 gives an overview of the effects some of these 
parameters have. For this experiment, a line was laser-etched into a 120 nm ITO layer with a 
1064 nm pulsed laser, varying the laser speed, power, firing frequency, and focus. A height 
profile of the lines was recorded after lasering. Too low an energy (as shown in Figure 3.14a) 
will result in the ITO layer not being completely removed, while too high an energy (c) can 
damage the underlying substrate. The correct energy setting (b) results in a clean line profile. 
As can be seen on most profiles, the edges of the lasered lines have high ridges caused by the 
high amount of melted material during laser exposure.[139] Kim et al. have found that these can 
be avoided using shorter lasering pulses in the range of pico- or femtoseconds.[140] If the laser 
frequency is too low or the laser speed is too high, the laser pulses do not overlap and no 
continuous line is formed (d). Setting the focus of the laser too low (e) or too high (f) results in 
a broadened line with only partial removal of the ITO layer. All of these parameters depend on 
the material used and can already be different for another batch of the same material. They must 
therefore be worked out experimentally. 

With the right set of parameters, structures down to a width of 20 µm can be manufactured with 
the PiXDRO LP50 laser system. This is small enough not only to pattern the finger-electrodes 
used in the fabrication of upscaled OLEDs but also to allow intricate details to be inscribed. 
The capabilities of this process were investigated by inscribing the logo of Humboldt- 
Universität into an ITO substrate and producing an OLED from it. An overview of the process 
can be seen in Figure 3.15. Since bottom-emitting OLEDs were fabricated, the logo has to be 
mirrored prior to lasering. When analyzing the lasered pattern under an optical microscope, the 
rastering process is visible. Each pixel in the template is converted into a laser pulse (see Figure 
3.15b). In order for the current to flow to every point on the substrate, it is important to note 
that closed loops must be avoided at all costs. Fabricating inverted, bottom-emitting OLEDs 
from the laser-etched substrates results in efficient OLEDs with an active area of 3.6 cm-2. 

Structuring of ITO is of course not the only material possible for laser patterning. In the course 
of this thesis, thin metallic layers as well as fluorine-doped tin oxide (FTO), an ITO alternative 
have been structured as well. 
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Figure 3.15. Overview of the laser structuring process. (a) the necessity of flowing current does not allow for 
closed “loops” like in the case of the letters “O” or “A”. The current must be able to pass freely throughout the 
substrate. (b) shows a closeup of the resulting lasered substrate. The individual lasering lines are visible. (c) 
working OLED device with lasered structure. Since a bottom-emitting architecture is used, the pattern has to be 
lasered in a mirrored orientation to obtain a correct final OLED. The active area of the OLED is 3.6 cm-2. 

 

 

 

 

 

 

 

 

 

b 

c 

a a 



Chapter 3. Experimental Techniques  

60 

 

 

 



61 

 

 

4 Solution Processing of Flexible Electrodes 
 

Understanding the properties of electrodes in optoelectronic devices is essential for highly 
efficient applications. The first subchapter deals with OLEDs implementing printed silver 
electrodes while the second investigates the use of semitransparent gold electrodes for 
applications where silver is not suitable. The fabrication process of electrodes made from 
solution-processable materials is introduced in the beginning. Transparent electrodes are made 
from printed silver and doctor-bladed gold inks on rigid as well as flexible substrates. Both inks 
are particle-free, metal decomposition inks. The electrodes are analyzed in terms of optical and 
structural properties and are, as a proof of concept, applied in devices. For the silver and gold 
ink, organic light-emitting diodes were fabricated.  
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4.1 Printed Silver Electrodes for Flexible OLEDs 
 

Parts of this section have been previously published.[141] Additional data has been included. 

ITO-free OLEDs utilizing inkjet-printed and low temperature plasma-
sintered Ag electrodes 

M. Hengge, K. Livanov, N. Zamoshchik, F. Hermerschmidt and E.J.W. List-
Kratochvil 

Flexible and Printed Electronics, 6(1), 015009 (2021); DOI: 10.1088/2058-
8585/abe604 

 

4.1.1 Introduction 
 

As described in Chapter 2, OLEDs need at least one transparent conductive electrode to ensure 
functionality. With LEDs, the light-emitting chip is contacted with bonding wires, while with 
OLEDs, in contrast, planar electrodes are used to enable large-area light emission. The light 
generated must therefore pass through at least one of the electrodes to leave the device. To 
achieve this, an electrode needs to be transparent and able to conduct electricity. This implies, 
that high transparency, as well as conductivity, are required. Indium tin oxide (ITO), today's 
de-facto standard for most electronic appliances, meets these requirements.[142,143] However, the 
trend of moving to more and more bendable and flexible devices is causing issues for ITO 
electrodes due to its inherent brittleness. [144] 

Thin metallic films have been a promising candidate as a replacement for ITO. These can be 
fabricated by two main approaches. Thermal evaporation (see also section 3.1.3) of thin metal 
films or dielectric-metal-dielectric compounds,[145,146] and solution-based methods such as roll-
to-roll processing,[147] screen printing, spray coating,[45] or inkjet printing.[148]

 The latter method 
of inkjet printing is commonly used with metal nanoparticle inks, as well as metal-organic 
decomposition (MOD) inks.[147,149] MOD inks consist of oxidized metal precursors dissolved 
in suitable solvents and mixed with additives, or contain metal-organic complexes.[150] While 
the agglomeration of particles reduces the effective shelf-life in nanoparticle inks, MOD inks 
mostly do not suffer from agglomeration and are therefore considered more stable.[151]  

To obtain transparent electrodes, metal inks can be processed into two different structures. A 
thin grid of opaque lines can conduct current while light can simultaneously pass between them, 
making the overall electrode highly transparent. Here, the factors affecting transparency are the 
line width and thickness. Different patterns such as lines or a hexagonal grid have been studied 
previously.[148] In contrast to those, semi-transparent electrodes can be produced by printing 
metal inks in a very thin layer, making the resulting electrode highly transparent as well as 
conductive. Metal nanowires are the material of choice here.[152–154] Both types of electrodes 
exhibit significantly higher resilience to bending stress when compared to ITO. The resistance 
(relative to the initial value) of these metal nanowires doubles only after several hundred 
bending cycles.[152,155] 
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In contrast to evaporated electrodes, which do not require post-processing to reach their full 
conductivity, most solution-based methods require a so-called sintering process. It aims to not 
only drive off any remaining solvents but also to remove stabilizing capping agents to allow 
particle agglomeration into a homogenous layer (for nanoparticle inks).[147] In MOD inks the 
metal precursors are reduced to form a metallic layer.[151] Sintering of nanoparticle inks happens 
mostly via heat transfer to the particle. A multitude of processes such as thermal, photonic, 
laser, electrical, or plasma sintering can be employed. [156–159] However, most substrate 
materials used for flexible applications are very temperature sensitive. Therefore, high sintering 
temperatures (commonly used temperatures are ≥ 150 °C) would not allow substrates such as 
PET to be used due to their low temperature stability (glass-transition temperature  
Tg = 70-80 °C).[160] 

Plasma treatment is a viable alternative that relies primarily on a low-pressure atmosphere to 
remove unwanted compounds after printing.[157] Additionally, the plasma can break down 
constituents with a longer chain into more volatile compounds.[161] While being mostly 
employed to rid the printed layer of unwanted chemicals, it can be directly used, in combination 
with a reducing gas, to reduce metal precursors in MOD inks.[162–164] 

In this chapter, a silver MOD ink was utilized to produce highly transparent, conductive 
electrodes. An argon plasma is applied to the printed ink to reduce the metallic precursors. No 
reducing gas, such as H2 is needed. The metallization process requires no additional heating 
and generates only a minimal amount of heat itself, making the procedure especially suitable 
for the production of flexible electrodes. These electrodes are then shown to be effective as 
transparent, flexible electrodes for OLEDs. 

 

4.1.2 Materials and Experimental Setup 
 

Metallization Ink: Inks were provided by OrelTech GmbH. The OTech T1053 plasma 
metallization ink consists of organic solvents to facilitate inkjet printing mixed with a metallic 
precursor, containing Ag+ cations.[165] The viscosity of the ink was measured using an Ostwald 
(U-tube glass capillary) viscosimeter. Ink surface tension was evaluated by applying the drop 
weight method. This method uses the relation between the weight of a drop and the surface 
tension of a liquid that has just separated from a capillary. With the help of the known mass and 
surface tension of a drop of a reference liquid, the surface tension of the unknown liquid can be 
estimated.  

Solution Preparation: The PDY-132 (Super Yellow, Sigma-Aldrich) light-emitting polymer 
was dissolved in toluene at concentrations of 5 mg ml-1. Prepared solutions were stirred for 
several hours at 50 °C before being used. Zinc oxide (ZnO) nanoparticle solution (Genesink, 
1% dispersion in isopropanol, particle size 12 nm) was used as received. A solution of 
polyethyleneimine (PEI) was prepared according to literature by dissolving PEI (Sigma 
Aldrich, MW = 25 000 g mol−1) in isopropanol to obtain a concentration of 0.4 wt%.[166]. 

Sample Preparation: Glass and PET substrates with patterned ITO (Psiotec Ltd.) for device 
preparation, quartz glass, Melinex PET and Kapton for spectral analysis, and soda-lime glass 
for thickness measurements were cleaned by thoroughly wiping them with acetone (for glass 
samples only) and isopropanol. Afterwards, a 7 s O2 plasma treatment in a Femto plasma system 
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(Diener) at a gas pressure of 0.35 mbar and 50 W of power was used to activate the sample 
surface before solution deposition. 

Inkjet Printing: Printing was done on a PiXDRO LP50 inkjet printer (Meyer Burger / Süss 
Microtec) with a Spectra S-Class printhead. This head has a nominal drop volume of 30 pl and 
was used at a resolution of 850 dpi. Samples were transferred back to the Femto plasma system 
after printing and dried using a vacuum until a pressure of less than 0.1 mbar could be reached 
in the chamber. By applying an Ar plasma with a gas flow of 20 sccm and a power of 250 W 
for 5 min, the samples were reduced to metallic silver. The size of the printed area influenced 
the drying time but not the curing time. 

Thin Film Characterization: X-ray powder diffraction (XRD) experiments were performed 
using a Rigaku TTRAX III (18 kW) instrument with Kα radiation from Cu (1.54 Å) and parallel 
beam configuration. 2θ mode was used and the scanning angle was varied from 15° to 47° with 
steps of 0.025°. Since glass substrates would lead to unspecific broadband signals due to their 
partially amorphous composition, silicon was chosen as the substrate for the XRD analysis. Due 
to its very defined diffraction signature peaks, it is easily differentiable from the specimen 
signal. UV-Vis spectra were taken with a Perkin Elmer Lambda 950 double-beam spectrometer. 
The sample surface was analyzed using a scanning force microscope (Bruker FastScan) in 
tapping mode and a LEXT OLS4100 confocal laser microscope (Olympus). With a 4-point 
probe (Jandel) the sheet resistance was assessed. Qualitative haze evaluation was performed 
according to section 3.2.8.  

Device Preparation: Pre-patterned ITO (on glass and PET) substrates, where the ITO only acts 
as the contact electrode (see Table 4.1), were prepared as described above. The electrode was 
then printed in the middle with the Ag ink and cured. A ZnO:PEI blend (2:1 by volume) was 
spin-coated on top of the printed silver at 2500 rpm and dried for 10 min on a hotplate at 120 °C 
for glass and 100 °C for PET. An 80 nm thick emitter layer of Super Yellow (SY) was spin-
coated for 60 s at 2500 rpm in ambient conditions. Finally, a top electrode of 10 nm of MoO3 
and 200 nm of silver was evaporated thermally under vacuum with a base pressure of 10-6 mbar. 
Shadow masks were used to make devices with 0.04 and 0.49 cm2 of active area. Encapsulation 
was done using glass slides and UV-curable resin (Ossila), cured at 365 nm for 10 min. 

Device Characterization: Devices were characterized by measuring current density-voltage-
luminance curves with a Keithley 2612B source meter and a Konica Minolta LS-160 luminance 
meter with a purpose-built setup (detailed description in section 3.2.10). Electroluminescence 
spectra were recorded on a CS 2000 spectrometer (Ocean Optics) using OceanView software. 

 

4.1.3 Ink Development and Printing Process 
 

Development of the utilized ink was done at OrelTech GmbH. The ink is specifically tailored 
to suit the inkjet fabrication process in this work. Multiple iterations have been done to perfect 
the adhesion on glass as well as flexible substrates. At room temperature, the final ink  
(OTech T 1053) had a viscosity in the range of 10-12 cP and surface tension in the range of  
25 to 30 mN m-1. Curing conditions for the ink were established by preliminary experiments. 
Ag ink was spin-coated on simple glass slides and subsequently dried and cured with different 
gas flows and power levels.  
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Electrodes from the Ar plasma then directly reduced the metal precursors to a thin metallic 
layer. Although higher power levels led to a reduction in the necessary curing time, it was found 
that rapid drying was the more relevant parameter. Even with plasma-assisted activation of the 
sample surface prior to solution deposition, de-wetting, especially from the edges or impurities 
of the samples, was found to be an issue. This was lead to holes or a not fully closed metallic 
layer in the final film. Therefore, after solution processing, the samples had to be transferred to 
the plasma chamber as fast as possible. When vacuum-drying the samples, it could be shown 
that the solution was sufficiently immobilized (by evaporation of volatile ink components) 
when reaching a base pressure below 0.4 mbar. 

When transferring the process to printing the same challenges persisted. A high resolution 
(more material) of 850 dpi had to be chosen to get closed films and to counteract the strong 
coffee-ring effect.[167] Since printing was done with a particle-free MOD ink, clogging of the 
printhead was not an issue. An overview of the whole production process can be seen in  
Figure 4.1, device production and characterization will be discussed later. 

 

 

 
Figure 4.1. Schematic overview of the device fabrication steps. Silver ink is printed on cleaned samples and cured 
in an argon plasma. The organic layers are spin-coated on top, and a MoO3/Ag electrode is evaporated by a shadow 
mask. Finally, the devices are encapsulated for protection. 

 

An XRD diffractogram of the printed layer was recorded (see Figure 4.5a) and shows no other 
peaks than the expected silver (111), (200), and (220) peaks. Thus, it can be concluded that the 
plasma process is able to eradicate all residual organic compounds and turn the ink into metallic 
silver. 
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4.1.4 Characterization of Printed Electrodes 
 

Printing of samples was performed on different substrate types. Standard samples were 
produced on glass and flexible Melinex PET and Kapton. As can be seen from the optical 
microscope images in Figure 4.2, glass samples show a highly crystalline surface of the silver 
layer with almost no holes or other impurities. For PET less crystallinity but many more defects 
could be observed. When increasing the brightness of the picture, it is visible that imperfections 
that are already present in the substrate, translate to imperfections in the printed layer. Kapton, 
with a much smoother surface, was therefore also investigated as a possible substrate and was 
shown to yield more crystalline films with a greatly reduced number of defects. However, 
Kapton has a strong coloration and is therefore not suitable for OLED applications where a 
good color rendering is required. Melinex PET was therefore chosen as a smooth substrate 
material. 

 

   

Figure 4.2. Printed grid on different substrates. (a) Glass, (b) PET, and (c) Kapton. The brightness of the top halves 
of the images was increased to illustrate the effect of the substrate features on the printed structures. 

 

UV-Vis measurements were carried out on glass and PET samples with a printed silver layer 
and compared with standard samples containing an ITO electrode. Figure 4.3a shows that both 
electrode materials on glass have a high transmission over the full visible spectrum between 
350 and 800 nm. While ITO reaches up to 98% of transmission printed Ag can achieve 75% to 
80%. The Ag electrode also exhibits a very even transmission over the full spectrum, enabling 
accurate color representation in OLED devices. However, especially for printed silver, there is 
a tradeoff between transparency and conductivity. Both are highly dependent on the film 
thickness. A higher conductivity is achieved with thicker films while the transmission 
simultaneously decreases. For flexible PET substrates, Figure 4.3b displays the same curves. 
Printed silver still shows transmittance values > 50% over the full visible spectrum, while the 
ITO electrode has a higher transmission. Linearity though is better in printed samples. 

To determine which properties of the silver lead to the high transmittance, the surface of prints 
was further investigated. SFM as well as optical microscopy pictures were taken and are 
displayed in Figure 4.4. When the silver ink is drying, it forms a highly crystalline structure 
that is maintained even after the plasma curing process. As can be seen in Figure 4.4a and b, 
this structure is not fully even, the thin parts of it allowing more light to pass through, while the 

a b c 
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thicker parts conduct the electricity better. The SFM picture shows that these features are 
present even on a lower micrometer scale. From the profile extracted from the SFM picture  
(see Figure 4.4c) it can be determined that the layer thickness for prints with 580 dpi is between 
15 nm and 38 nm. With an average transmittance of 77% and a sheet resistance (determined via 
4-point measurement) of 16 Ω sq-1, the printed Ag on glass demonstrates a good compromise 
between conductivity and transparency. 

 

 
Figure 4.3. Optical characterization of the printed layer in comparison to ITO on different materials. (a) Glass 
sample. Ag shows good transmission (> 70%) over the whole visible spectrum. (b) PET sample. Transmission of 
Ag on PET decreases for higher wavelengths. 

 

For flexible electrodes, there is another important parameter to take into account. When 
utilizing these samples in bent applications, the electrodes are under constant or momentary 
bending stress. In good electrodes, bending should not result in a significant increase in sheet 
resistance. This behavior was investigated by performing bending tests on PET substrates with 
printed silver as well as on PET/ITO samples. Samples were subjected to 150 bending cycles 
with a bending radius of 5 mm, corresponding to a cyclic strain of 2%, according to the formula 
stated in section 3.2.9. The results in Figure 4.5 illustrate a clear difference between ITO and 
printed silver in terms of relative resistance (resistance divided by the initial value). While Ag 
electrodes exhibit next to no change in resistance (23% increase after  
150 cycles) ITO resistance doubles already after five cycles and increases to over 100 times the 
initial value after 15 bends. Total failure (no measurable conductivity) occurs after 80 bending 
cycles. This is to no surprise, as the brittleness of ITO is well known and has been discussed in 
the introduction to this chapter. 

For electrodes used in display or lighting applications, it is important to know how the electrode 
scatters the light. This so-called haze was qualitatively investigated with a custom-built setup. 
Section 3.2.8 describes the setup and its capabilities in more detail.  
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Figure 4.4. Characterization of a printed silver layer. (a) The optical microscope image shows the high crystallinity 
of the sample. Gaps between the crystal structure are responsible for good optical transmission. (b) The same 
structures are visible in the SFM images on a smaller scale. (c) height profile extracted from (b). 

 

 

 
Figure 4.5. Elemental and mechanical characterization of printed Ag. (a) XRD diffraction pattern on silicon shows 
no other peaks than the expected (111), (200), and (222) peaks (except the Si substrate peak). An Ag reference 
from literature is shown above.[168] (b) Bending tests performed on flexible Ag and ITO electrodes. While printed 
Ag retains its low relative resistivity over 150 bending cycles, ITO resistance increases rapidly after a few bends. 
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It was found that the haze of printed layers on glass as well as on PET is just marginally larger 
than that of the plain substrates. Since there is more roughness in the PET sample, a larger haze 
was observed here than with the glass substrate. Melinex PET and glass were analyzed with 
and without printed silver. The haze pattern radius, the haze angle, and the deviation from the 
reference (no sample) are shown in Figure 4.6. Pure glass exhibits almost the same haze angle 
as the reference with a maximum deviation of Δb = 0.6° for measurements at 405 nm. For plain 
PET the largest difference in the haze was measured for the green light with Δg = 0.3°. Haze 
angles were always below the critical angle of 2.5°. Printing silver on glass did not alter the 
haze for any of the investigated wavelengths. In the case of printing on PET, the haze was 
slightly increased with Δr = 0.8°, Δg = 0.8°, and Δb = 0.3° while again, staying below a haze 
angle of 2.5° for all three light sources. The higher values on PET can be attributed to the higher 
roughness of the sample, causing more scattering of the incident light. 

 

4.1.5 Electrode Pattern 
 

As discussed in the introduction to this chapter, not only the electrode material but also its 
pattern can highly influence the performance of the finished printed electrode. While full-area 
layers have to use semi-transparent materials to achieve adequate transmission, grid-like 
patterns rely on the spacing in-between lines to allow light to pass. The lines can be printed in 
different patterns. Linear grids are fast and easy to print, while hexagonal patterns allow 
alternative current routes in case of a defect.[148] For the OrelTech ink used here, all three 
electrode patterns (full area, lines, hexagonal grid) were investigated. Additionally, line patterns 
with horizontal busbars were fabricated to combine the advantages of linear and hexagonal 
patterns. Table 4.1 gives an overview of the electrode structures manufactured as well as the 
area covered by the print and the resistance of the electrode (measured between diagonal 
corners). While the addition of a busbar to the linear electrodes substantially reduced the 
resistance, hexagonal patterns still exhibited lower resistance and were therefore used for 
further experiments. Since the ink is semi-transparent when fully cured, full-area samples were 
further investigated as well and showed the lowest resistance.  

 

Table 4.1. Overview of the manufactured electrode patterns. Resistance was measured between diagonal corners. 
Due to their favorable properties, hexagonal and full substrates were used for further experiments. The contacting 
fingers of the substrates were made from pre-patterned ITO. 

 Lines Lines + Busbar Hexagon Full 

Image 

    
El. Area 50% 57% 25% 100% 

Resistance 390 Ω 132 Ω 119 Ω 100 Ω 
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Figure 4.6. Haze quantification of printed samples compared to blank substrates. The inclusion of the printed layer 
does not alter the haze significantly on glass as well as on PET. Pictures of the haze pattern, the haze radius and 
angle calculated from it, and the difference to the haze angle without a sample are shown. For more details on the 
setup and evaluation, see section 3.2.8. 
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As can be seen in Figure 4.7a, well defined structures could be achieved, especially for the very 
thin lines in the hexagonal pattern. To test the functionality of the electrodes, a batch of SY 
OLEDs was fabricated. Figure 4.7b and c show working devices at a voltage of 4 V utilizing a 
hexagonal grid (b) and a full-area electrode (c). While in the hexagonal case only the grid and 
areas very close by are lighting up, the full pixel is active in the case of full-area OLEDs. This 
can be attributed to the very low conductivity of the utilized ZnO layer in inverted OLEDs. 
Other research has shown that hexagonal patterns are a valid electrode option for OLEDs.[148] 
Due to the fact that the investigations in this chapter focus on inverted OLEDs, the full-area 
electrode was utilized in all further experiments. 

 

   

Figure 4.7. Images of printed electrodes. (a) Fully printed electrode structure. (b) Hexagonal pattern. (c) Full-
square pattern. Devices are driven at 4 V. Due to the lower conductivity of the zinc oxide layer in comparison to 
the silver, in (b) only the near vicinity of the hexagon lines and the lines themselves light up. 

 

4.1.6 Functional Device Characterization 
 

After the basic characterization of the electrode was finished, bottom-emitting OLEDs with an 
active area of 0.49 cm2 were produced to compare them with ITO. As substrates glass, as well 
as flexible PET, was used. For electrical quantification, JVL curves were recorded for OLEDs 
containing a printed electrode as well as OLEDs with a classical ITO one. The results of these 
measurements are shown in Figure 4.8 and Table 4.2. 

Regarding the rigid devices (Figure 4.8a-c) it was found that while the current density is similar 
for both electrodes at first, printed silver electrodes surpass the ITO ones quickly. This can be 
attributed to the lower sheet resistance of the Ag electrodes which was measured to be around 
16 Ω sq-1 for printed Ag and 20 Ω sq-1 for ITO. The luminance curves (Figure 4.8b) show a 
similar trend with printed silver exceeding ITO. The turn-on voltage (voltage at L = 1 cd m-2) 
was found to be equally at Von = 2.5 V for both electrodes. This suggests that there is no 
additional electronic injection barrier introduced when switching from ITO to Ag. Although 
silver electrodes are able to surpass ITO in terms of luminance in the shown voltage range, ITO 
can achieve higher absolute luminance values as can be seen in Table 4.2. However, since a 
lower operating voltage is advantageous in most applications, this is not an issue. Current 
efficacies, as can be seen in Figure 4.8c, show printed Ag OLEDs to be more efficient in the 
given voltage range.  

a b c 
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In terms of electroluminescence, both OLED devices show a similar spectrum (inset in Figure 
4.8b, measured at L = 1 000 cd m-2) with a spectral maximum λmax at 550 nm resulting in 
CIE1931 coordinates shown in Table 4.2. 

 

 
Figure 4.8. JVL characterization of printed Ag vs. ITO OLEDs. OLED substrates are made of glass (a-c) and PET 
(d-f). A steeper increase in current density is visible in the JV curves for printed silver (a, c). Luminance is 
increased for printed Ag on glass (b), but maximum luminance is larger for ITO on PET (e). For glass samples, 
higher efficacies can be reached with printed silver electrodes (c). On PET, Ag decreases the efficacy roll-off (f). 

 

For flexible devices (Figure 4.8d-f) the same trend was observed in terms of current density. 
Both electrode types have similar densities at first, but printed Ag has a faster increase. The 
more linear shape of the current density curve of Ag compared to ITO hints at the presence of 
ohmic shorts which could be also seen as a larger current when plotting in the reverse direction 
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of the diode. The influence of these shorts could be minimized by preconditioning the device 
at -20 V prior to the measurements. Luminance values (Figure 4.8e) show similar behavior to 
rigid electrodes. Although the transmission of the printed silver is lower compared to ITO, 
higher luminance values could be achieved. While the device performance would be expected 
to be negatively affected by the lower transmission, the higher conductivity of the printed silver 
achieves increased injection of charge carriers into the emission layer. Thus, more 
recombination is taking place and the light output is increased. However, the current 
efficiencies (Figure 4.8f) are hampered here by the sharply increasing current density resulting 
in a decreased efficacy for printed flexible devices. This is most likely caused by the overall 
higher roughness of the PET substrate compared to glass. Combined with the high crystallinity 
of the printed silver, this can result in more shorts in the device, reducing the efficiency.  
EL spectra of both device types were again recorded (inset Figure 4.8e) and show no substantial 
difference between Ag and ITO. Again, the electroluminescence maximum λmax was found to 
be at 550 nm, corresponding to the CIE coordinates in Table 4.2. 

 

Table 4.2. Turn-on voltage Von, luminance L, current efficacy ηc, and CIE coordinates of glass and PET OLEDs.   

Electrode Von (V) Peak L (cd m-2) ηC (cd A-1) @ L (cd m-2) Peak ηC (cd A-1) CIE1931 
100 1000 10 000  x y 

ITO 2.5 16 636 0.78 3.00 4.43 4.54 0.41 0.55 
Silver 2.5 11 983 1.26 2.63 5.13 5.34 0.42 0.53 
Flex ITO 3.0 3890 0.52 1.92 - 2.71 0.42 0.53 
Flex Ag 2.5 2170 0.43 0.79 - 0.89 0.43 0.55 

 

 

4.1.7 Flex-to-Install Application 
 

Bending tests were carried out to verify the possible application of printed electrodes in flexible 
electronics. While the electrodes themselves have already been subjected to bending stress in 
section 4.1.4, devices also are required to exhibit a certain degree of flexibility for flexible 
applications. As most failures in bent devices occur due to cracking of the ITO layer,[169] OLED 
devices were fabricated, implementing pre-bent electrodes. For this, electrodes were subjected 
to 10 bending cycles with a 2% cyclic strain prior to device fabrication. The JVL 
characterizations in Figure 4.9a and b represent the results of these bending tests. Compared to 
OLEDs with fresh ITO layers, the ones utilizing pre-bent electrodes show a nearly ohmic 
behavior with highly increased current density values, hinting at the creation of shorts during 
the bending procedure. Ag devices were able to retain their functionality with only a minor 
increase in current density. While the brightness of the Ag devices does not change significantly 
as well, ITO devices lose up to 99% of their maximum luminance when pre-bent electrodes are 
used. 

However, not every flexible application requires the electrodes to endure repeated bending 
stress. In so-called flex-to-install applications, the device is bent only once during the 
fabrication or installation process.  
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To compare the printed silver and ITO electrodes under this aspect, completely manufactured 
devices were subjected to increasing bending angles during operation. ITO devices were bent 
until total failure to determine the “critical angle of operation”. This was found to be 
approximately at 30°. In a second step, OLEDs with printed silver electrodes were characterized 
and subsequently bent to this angle (see inset in Figure 4.9d). Compared to ITO, printed Ag 
devices retained full functionality. After bending JVL characterization of the OLED was 
repeated. Figure 4.9c and d compare the characteristics of an Ag OLED before and after 
bending to the critical angle of ITO. As can be clearly seen no significant change in behavior 
was observed with only a 2% loss in terms of maximum luminance. 

 

 
Figure 4.9. JVL characterization for bending tests. OLEDs made with pre-bent substrates (a, b) and bending 
finished devices (c, d). In contrast to ITO, which loses over 99% of its maximum luminance, pre-bent silver 
electrodes preserve their performance. At an approximate bending angle of 30° ITO devices fail, while Ag OLEDs 
at the same bending angle keep working with minimal performance loss of 2% in terms of luminance.  

 

 

4.1.8 Conclusion for Printed OLEDs 
 

To conclude, it could be shown that printed silver electrodes can be a viable alternative to the 
standard ITO substrates. A particle-free MOD ink was used to obtain semi-transparent silver 
layers exhibiting a good compromise between transparency (> 75% over the whole visible 
spectrum) and conductivity. When subjected to bending tests, these electrodes show highly 
resilient behavior compared to the brittle ITO. 
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Organic light-emitting diodes could be fabricated utilizing these electrodes and were shown to 
surpass ITO-based diodes reaching luminance values up to 10 000 cd m-2. Fabricating silver 
electrodes on flexible substrates yielded OLEDs showing comparable characteristics to ITO 
reference devices. However, when bending both OLED types, superior bending stability could 
be shown for printed electrodes. This fact makes them highly interesting for flexible or flex-to-
install applications. 

So far, in this chapter, only printed silver electrodes have been implemented in OLEDs. As not 
all materials are compatible with this type of electrode due to ion migration or due to their high 
acidity which would attack the silver electrode, alternatives were next investigated. 

 

 

4.2 Solution-Processed Gold Electrodes 
 

As shown in the last section, thin layers of silver can be a suitable approach to replace ITO as 
a transparent conductive electrode. However, silver as a material has some disadvantages as it 
is very prone to oxidation. The oxides are not only known to exhibit a decreased conductivity 
compared to pristine silver but are considered semiconductor materials and thus not suitable as 
an electrode material. [170] Therefore solution-processed gold has been investigated as an 
alternative, more resistant electrode material. 

A particle-free MOD ink was again used as the starting material for the production of the gold 
electrodes. Due to the ink’s elevated acidity, it could not be used with the inkjet without 
damaging the printhead but was instead processed by doctor blading. The inks were again 
provided by OrelTech GmbH. After solution processing, the samples were dried in a vacuum 
chamber and reduced to metallic silver by applying an Ar plasma with a gas flow of 30 sccm 
and plasma power of 150 W for 10 min. All other processing and characterization steps were 
performed according to the descriptions in section 4.1.2. 

By varying the processing parameters, gold films with a thickness of 28 nm and 48 nm were 
produced. Optical characterization via UV-Vis shows a decreased transmission when compared 
to the silver layers from the previous section. Layers with 28 nm film thickness exhibit a 
transmission maximum of 70% and an average transmission of 65% over the whole visible 
spectrum. At a thickness of 48 nm, these values change to 55% maximum and 50% average 
transmission as can be seen in Figure 4.10a. Compared to the printed silver layer, the gold 
transmits light not as linearly over the visible spectrum. Due to the yellowish color of the gold, 
visible in the optical image in Figure 4.10b, the blue wavelengths get more attenuated.  

Electrical properties were tested by measuring the sheet resistance which was found to be a 
good value of 26 Ω sq-1 for the 48 nm film but strongly decreased for the 28 nm film with a 
sheet resistance of 10 MΩ sq-1. This comes as no surprise, as the electrical conductivity of gold 
is 4.11∙107 S m-1 while the previously used silver is the best conducting metal with a 
conductivity of 6.30∙107 S m-1.[171] 
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Figure 4.10. Optical characterization of the gold layer. (a) UV-Vis measurement of samples with different 
thicknesses. With increasing layer thickness, the transparency rapidly decreases. (b) Optical image of a doctor-
bladed sample.  

 

 

  
 

Figure 4.11. Morphological characterization of a doctor-bladed gold layer. (a) The optical microscope image 
shows individual gold crystals with a strongly increased height compared to the silver layer. (b) SFM image 
displays the same structures. The overall higher layer thickness improves conductivity but reduces the optical 
transparency of the sample. (c) height profile extracted from (b). 
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Similar to the silver layer produced previously, the morphology of the gold layer was examined 
more closely in order to be able to draw conclusions about the gold's optical and electrical 
properties. SFM as well as optical microscopy pictures are displayed in Figure 4.11. The 
crystalline structure is again clearly visible. However, in contrast to the silver layer, the gold 
exhibits a more densely packed, closed crystal structure that lets less light pass through. In more 
detail, the SFM image reveals very high ridges and a more uneven profile. The roughness Ra of 
the sample with a thickness of 48 nm was found to be 8 nm and the  28 nm sample showed a 
roughness of 6 nm. SEM images displayed in Figure 4.12 support these findings, showing a 
very crystalline, closed surface in the top view as well as the cross-section view. 
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Figure 4.12. SEM images of a doctor-bladed gold layer with a thickness of around 750 nm. The crystalline 
structure of the gold is visible. The top row (a, b) shows a cross-section in different magnifications while the 
bottom row (c, d) displays a top view. 

 

As a proof of concept, bottom-emitting inverted OLEDs were fabricated. Electrodes were 
manufactured by doctor blading the gold MOD ink. Standard JVL and EL characterizations 
were performed as previously described. The results of these measurements are presented in 
Figure 4.13.  

Compared to OLEDs containing silver electrodes, gold OLEDs exhibited a lower current 
density. Regarding the lower conductivity of gold in comparison to silver, this is an expected 
effect. In terms of luminance, the OLEDs were able to obtain a maximum brightness of 
1200 cd m-2, significantly less than their silver counterpart. This can be attributed to the lower 

a b 

c d 
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transparency of the gold electrode. The electroluminescence spectrum in Figure 4.13b, 
however, exhibits no shift or broadening compared to silver, the spectral maximum remains at 
550 nm. The turn-on voltage remained at 2.5 V, again indicating that no additional injection 
barriers are present. Since the luminance was lower, the current yields were also significantly 
reduced with a maximum of only 0.94 cd A. 

It must be mentioned that although working OLEDs were obtained, many of the devices 
produced showed resistive behavior. The high spikes in the gold layers most likely were causing 
short circuits in the devices, severely degrading their performance, or causing device failure. 

 

 
Figure 4.13. JVL characterization for an OLED with a proof-of-concept gold electrode. (a) As can be seen in 
comparison to the results of silver OLEDs (see Figure 4.8), less current flows. (b) Combined with the lower 
transparency of the gold, the luminance is reduced by about an order of magnitude. Nevertheless, functioning 
OLEDs are possible with gold electrodes. The inset in (b) shows the EL spectrum. No difference in the EL could 
be observed here. 

 

4.2.1 Conclusion for Gold Electrodes 
 

To conclude, it could be shown that it is possible to use gold as an alternative electrode material 
for OLEDs. As with silver, a particle-free MOD ink was employed to obtain conductive, 
transparent electrodes. While doctor-bladed films showed decreased transparency (50% over 
the whole visible spectrum) and conductivity compared to silver, they could be still successfully 
incorporated into OLEDs. 

Devices showed promising first results with luminance values up to 1200 cd m-2 and efficacies 
of around 1 cd A. However, improvements have to be made while fabricating the electrodes to 
avoid the presence of high features in the gold electrode which otherwise results in lowered 
device performance. 

While the proof-of-concept OLED with a gold electrode could be shown in this work, the next 
step of incorporating the electrode into OLEDs or solar cells, containing materials not 
compatible with silver, was unfortunately not possible in the limited timeframe of this thesis.
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5 Enhancement of Surface Properties by Injection- and 
Interlayers 

 

Optoelectronic devices can have a rather simple composition of just an emission or absorption 
layer sandwiched between two electrodes. However, this architecture yields devices of low 
efficacy due to multiple loss mechanisms. Injection layers, to facilitate the injection of charge 
carriers, as well as interlayers, to enhance transport or improve surface properties, can 
significantly increase device performance. In this chapter, these two different strategies are 
discussed. 

Firstly, an injection layer made from a zinc oxide and polyethylenimine mixture is 
characterized. The influence of different processing parameters on device efficacy is 
investigated by fabricating OLEDs with differently manufactured interlayers. 

Secondly, two novel molecules are analyzed as possible interlayer candidates to improve he 
surface properties of substrates. Their chemical, optical and electrical properties are evaluated 
and their ability to enhance surface properties is assessed by fabricating perovskite solar cells. 

  



Chapter 5. Enhancement of Surface Properties by Injection- and Interlayers  

80 

5.1 ZnO:PEI Blends for Interlayer Functionalization 
 

5.1.1 Introduction 
 

Organic light-emitting diodes usually employ top electrodes made via physical vapor deposition 
of metals. Since the top electrode is responsible for injecting electrons into the emissive layer 
in a standard (non-inverted) OLED structure, low work function materials such as calcium, 
magnesium, or lithium fluoride have to be employed.[172,173] However, the oxygen and moisture 
sensitivity of these materials would lead to quick degradation of the device.[174,175] Therefore, 
calcium and lithium fluoride are covered by less sensitive metals like silver. Finished devices 
are encapsulated and device fabrication is usually performed under an inert atmosphere. 

Changing the device structure to an inverted architecture can alleviate some of these issues by 
removing oxygen-sensitive materials. In this structure, the top electrode injects holes into the 
device, therefore, high work function buffer materials such as the oxides of tungsten, vanadium, 
or molybdenum have been employed in combination with a silver top layer.[176–178] 

With that, however, the issue of electron injection on the cathode side of the device does not 
get resolved. Electrons still need to be injected, now from the ITO electrode which has a 
relatively high work function, varying between 4.1 eV and 5.5 eV.[179] An electron injection 
layer (EIL) or a method of lowering the work function of ITO is therefore highly beneficial to 
increase the device performance. Recent studies have shown that polymer materials and self-
assembled monolayers can be used as an efficient work function modifier, lowering the work 
function of ITO by introducing interface or molecular dipoles on the surface.[180] Zhou et al 
employed the polymer polyethylenimine (PEI) to successfully reduce the work function of ITO 
to 3.5 eV.[166] Metal oxide films such as zirconium, titanium, and zinc oxides have been used 
as EIL.[181–183] A combination of the two approaches has also been investigated before, resulting 
in highly efficient inverted OLEDs.[184] 

In his bachelor thesis, Andreas Mai investigated mixing the two materials to facilitate the 
production of inverted OLEDs.[185] This chapter is a continuation of his findings. Although the 
blending of zinc oxide (ZnO) and PEI has already been previously reported in literature, [186] a 
thorough investigation of the processing parameter is still lacking, which shall be provided here. 

 

5.1.2 Materials and Experimental Setup 
 

Solution Preparation: A solution of the PDY-132 Super Yellow (SY) light-emitting polymer 
(Sigma-Aldrich) was prepared by dissolving the polymer at a concentration of 5 mg ml-1 in 
toluene. Zinc acetylacetonate hydrate (Zn(acac)2, Sigma-Aldrich) was dissolved at a 
concentration of 20 mg ml-1 in ethanol. Prior to application, these solutions were stirred for 
several hours on a hotplate at 50 °C. The Zn(acac)2 solution was filtered before being used. 
Zinc oxide (ZnO) nanoparticle solutions (Genesink, 1% ZnO nanoparticles, dispersed in 
isopropanol, variable particle sizes) were used as received. PEI (Sigma Aldrich,  
MW = 25 000 g mol−1) was dissolved in toluene to achieve a 0.4 wt% solution according to 
literature.[166] 
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Sample Preparation: Patterned ITO substrates (Psiotec Ltd.) for device preparation and glass 
substrates for energy level analysis were cleaned by thoroughly wiping them with acetone and 
isopropanol. Afterwards, a 5 min O2 plasma treatment in a Femto plasma system (Diener) at a 
gas pressure of 0.35 mbar and 500 W of power was used to activate the sample surface before 
solution deposition. For the PYS analysis, PEI, ZnO, and mixtures were spin-coated at different 
speeds and annealed on a hotplate at 100 °C for PEI and 120 °C for ZnO and mixtures. 

Ionization Potential Analysis: An AC2 photoelectron yield spectrometer by Riken Keiki was 
used to determine the ionization potential of the prepared samples with photon energies between 
4.2 and 6.2 eV. Data evaluation was done manually by linear fitting the data. 

Device Preparation: ITO substrates were prepared as described above. PEI, ZnO, or mixtures 
of both were then spin-coated at different speeds and dried on a hotplate at 100 °C for PEI and 
120 °C for ZnO and mixtures. The SY emitter was spin-coated at 2500 rpm, resulting in an 
80 nm film. All solution processing was performed in ambient conditions. The top electrode of 
10 nm of MoO3 and 200 nm of silver was evaporated thermally under vacuum with a base 
pressure of 10-6 mbar. The usage of a shadow mask resulted in devices with an active area of 
0.04 cm2. Finally, devices were encapsulated using glass slides and UV-curable resin (Ossila) 
and cured at 365 nm for 10 min. 

Device Characterization: Electrical characterization was performed by measuring current 
density-voltage-luminance curves with a Keithley 2612B source meter and a Konica Minolta 
LS-160 luminance meter with a purpose-built setup (detailed description in section 3.2.10). EL 
spectra were recorded with a CS 2000 spectrometer (Ocean Optics) using OceanView software. 

 

 

5.1.3 ZnO Fabrication, Particle Size, and Volumetric Ratio 
 

Mostly, ZnO nanoparticles have been prepared from zinc precursors in a vast range of different 
shapes and sizes.[187,188] As a first step it was tested if good device performance could be 
achieved with a ZnO layer made from the Zn(acac)2 precursor as described in literature.[189] 
OLEDs with a ZnO layer and a separate PEI layer were produced and analyzed. JVL analysis 
resulted in low luminance values of only 500 cd m-2 and current efficacies of 0.06 cd A-1 as is 
displayed in Table 5.1. Therefore, a commercial ZnO nanoparticle (NP) suspension in 
isopropanol was investigated for further experiments.  

To demonstrate the influence that injection and interlayers made from ZnO nanoparticles and 
PEI can have on the OLED efficacy, OLEDs were produced including one or multiple of these 
layers. Devices with no interlayer between the ITO and the SY emitter were tested as well but 
these devices did not result in working devices, demonstrating the importance of appropriate 
energy levels. The resulting current density and current efficacies for four different EIL 
combinations can be seen in Figure 5.1 and Table 5.1. With only a layer of zinc oxide 
nanoparticles, higher current densities could be reached, resulting from a lowered injection 
barrier). However, higher leakage currents (suggesting an insufficient hole blocking of ZnO) 
were observed in the devices at negative voltages. The turn-on voltage for this device type was 
measured to be 2.5 V, as expected for the SY material (which has a bandgap of 2.4 eV).  
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The leakage current is greatly reduced when only a thin PEI layer is included demonstrating its 
ability to not only modify the work function of materials but also to block unwanted charge 
carriers. Zhong et al attribute this to the presence of tertiary amine groups in the PEI 
backbone.[190] However, due to its insulating nature, the turn-on voltage is shifted to 4.0 V and 
the whole current density curve is lowered. With a maximum of only 825 cd m-2, the luminance 
values of the pure PEI devices, are significantly lower compared to all other combinations. 
Adding both a ZnO and PEI layer subsequently (denoted as ZnO/PEI) returns the turn-on to 
3.0 V while keeping the leakage currents lowered. Using a blend of ZnO and PEI (denoted as 
ZnO:PEI) returns the turn-on to its desired value of 2.5 V, again, retaining the lowered leakage 
current. For all EIL combinations tested, the EL signal remained constant with a maximum at 
a wavelength of 560 nm (see inset in Figure 5.1b). 

 

 
Figure 5.1. JVL characteristics of inverted OLEDs with different EIL material combinations. (a) Current 
Densities. (b) Current Efficacies. As can be seen, the efficacy is highly increased when a ZnO:PEI blend is utilized. 
The inset in (b) shows EL spectra recorded at 1000 cd m-2. No shift in emission color could be determined. 

 

Regarding the efficacies of the fabricated devices in Figure 5.1b, pure ZnO devices exhibit low 
efficacies with a maximum of 1.12 cd A-1. In contrast, using a PEI layer leads to significantly 
increased efficiencies with values of 4 cd A-1 which can be attributed to the improved minority 
charge carrier injection into the emitter by the PEI. However, pure PEI devices show an 
immediate efficacy roll-off after the maximum at 4 cd A-1 hinting at a strong charge carrier 
imbalance at higher luminance values. For ZnO/PEI devices a low efficacy of only 1 cd A-1 was 
found. Surprisingly, this is even lower than the pure ZnO devices. A possible explanation is the 
partial dissolution of the underlaying ZnO layer by the isopropanol PEI solution which leaves 
a ZnO and PEI layer with an undefined thickness. This is a well-known problem with multilayer 
devices fabricated by solution processing and will be further investigated in chapter 6.  Blending 
ZnO and PEI (2:1 by volume) results in the best performing OLEDs. Efficacies of up to 
4.5 cd A-1 could be achieved suggesting good electron injection as well as hole blocking 
abilities of the composite material with a vastly improved efficacy roll-off, due to an improved 
charge carrier balance in the emitter material. External quantum efficiencies exhibit the same 
trend with the ZnO:PEI blend outperforming other EILs, reaching an EQE of 0.96%. 
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Table 5.1. Turn-on voltage Von, maximum luminance L, current efficacies ηc, external quantum efficiencies ηE 
measured at 1 and 10 mA, and CIE coordinates of OLEDs containing different electron injection layers. All JVL 
values are averaged over at least four pixels. 

EIL Von (V) Peak L (cd m-2) Peak ηC (cd A-1) EQE ηE (%) @ I (mA)  CIE1931 
 1 10 x y 

none - - - - - - - 
ZnO 2.5 8 952 1.12 0.23 0.29 0.47 0.51 
PEI 4.0 825 4.00 0.59 0.64 0.47 0.51 

ZnO/PEIa) 3.0 2354 1.00 0.18 0.24 0.47 0.51 
ZnO:PEIb) 2.5 26 800 4.54 0.78 0.96 0.47 0.52 

Zn(acac)2/PEIa) 3.0 495 0.06 0.04 0.03 0.46 0.52 
  a) Subsequently fabricated layers; b) Single layer from a binary 2:1 mixture 

Up to this point, the ratios of ZnO and PEI (2:1) in the composite mixture have been chosen 
based on the assumption that the insulating PEI should result in only a very thin film, while the 
ZnO should improve the electron transport. To validate this hypothesis a series of OLED 
devices with different ZnO:PEI ratios were fabricated and characterized. The turn-on voltage 
(dependent on the injection barrier), maximum luminance, and maximum current efficacies 
(influenced by the charge carrier balance and the hole-blocking ability of the EIL) were 
compared and are displayed in Figure 5.2. 

 

 

Figure 5.2. JVL evaluation of OLEDs prepared with different ratios of ZnO:PEI. Combining ZnO and PEI in an 
OLED results in a significant increase in luminance as well as current efficacy. The OLED turn-on is strongly 
decreased when adding a ZnO electron injection layer. Square points indicate the mean values. 
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In accordance with the previous results, a pure PEI layer leads to a very high turn-on voltage, 
while the addition of any ZnO lowers it significantly. Luminance values of ZnO:PEI mixtures 
display greatly improved values over pure ZnO or PEI layers. Efficacies follow the same trends 
exhibiting the best results for the 2:1 mixture with an average of 5.5 cd A-1. Higher percentages 
of ZnO were tested as well, however, no further gain in efficacy could be achieved. It was 
therefore concluded that the previously only assumed optimal ratio of 2:1 by volume ZnO:PEI 
was indeed ideal for the employed device architecture. To investigate if different ZnO:PEI 
ratios change the ionization potential of the sample, PYS measurements were carried out. All 
interlayers displayed a reduction of the ITO ionization potential (ΦITO = -4.8 eV) with pure PEI 
showing the strongest effect (ΦPEI = -5.4 eV) while the 1:1 mixture exhibits the weakest effect 
(Φ1:1 = -4.9 eV). 

The ZnO-to-PEI ratio is not the only parameter thought to have an impact on device 
performance. Since films should preferably have a smooth surface with an even distribution of 
nanoparticles, the particle size can be another important fabrication parameter. The commercial 
ZnO nanoparticle suspension used in this work is available with different NP sizes ranging from 
8 nm to 30 nm. In a second test, the experiments from the aforementioned ratio series were 
repeated, this time with a constant ZnO:PEI ratio of 2:1 by volume, using different NP size 
suspensions. Figure 5.3 gives the results for the turn-on voltages, the maximum luminance 
values, and maximum efficacies. 

 

 

Figure 5.3. JVL evaluation of OLEDs prepared with varied sizes of ZnO nanoparticles in the ZnO:PEI layer. 
Lower nanoparticle sizes result in more efficient OLEDs. ZnO:PEI ratio was 2:1 by volume. 
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Since now the 2:1 mixture was used, the turn-on voltages show a significantly lower range of 
values. For all NP sizes they were found to be between 2.0 V and 3.5 V. In contrast to that, the 
luminance values fluctuate significantly with varying NP sizes. Generally, smaller NP sizes 
seem to lead to brighter OLEDs. However, the smallest size of 8 nm exhibits lower luminance 
values of up to 3200 cd m-2 than the 12 nm ZnO (luminance up to 4000 cd m-2). Pu et al. also 
studied the shape and size of ZnO nanoparticles and found that, up to a certain size, smaller 
NPs show better device performance, consistent with the results presented here.[183]

 This is 
attributed to the fact that larger nanoparticles lead to a rougher surface morphology, which 
consequently results in poorer electrical contact with neighboring layers. Regarding the 
efficacies, it again can be seen that lower NP sizes lead to an improvement in efficacy. The 
12 nm device slightly outperforms the 8 nm device. From these experiments, it was therefore 
concluded that a ZnO nanoparticle size of 12 nm was optimal for the utilized device structure. 

As a final step, the ZnO layer thickness was also examined. This parameter is directly 
influenced by the spin coating speed (see also section 3.1.2) which was therefore varied between 
1500 rpm and 5500 rpm. Again, the turn-on voltages, the maximum luminance values, and 
maximum efficacies were recorded and compared. The results are shown in Figure 5.4 

 

 

 

Figure 5.4. JVL evaluation of OLEDs prepared with different spin coating speeds when fabricating the ZnO:PEI 
layer. A higher spin speed and consequentially lower film thickness led to higher-performing devices. A film 
thickness of 18 nm (speed of 4500 rpm) could be determined as the optimum. The spin speeds of the different 
layers are added to the efficacy diagram. 
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The turn-on voltages showed a decreasing trend as the spin speed was increased. This makes 
sense since the EIL including the insulator PEI also decreases in thickness. The thickness values 
were determined for each spin speed and are shown in Figure 5.4. For the maximum luminance, 
a thickness of 18 nm results in the highest values of 9200 cd m-2. The reduced luminance at 
14 nm (max. 8200 cd m-2) is most likely caused by an interlayer that is too thin and is now no 
longer able to sufficiently modify the interface work function. In the case of the device 
efficacies, the same trend is visible where an 18 nm thickness (rotation speed of 4500 rpm, 
respectively) yields the best results with a maximum value of 4.8 cd A-1. From these 
experiments, it was concluded that 18 nm is the optimal interlayer thickness. 

 

5.1.4 Conclusion for ZnO:PEI 
 

In this section, the production parameters for spin coating a ZnO:PEI layer were investigated. 
It was found that solution processing from a composite solution results in OLEDs with better 
performance. Nanoparticle ZnO solutions were able to outperform solutions produced from a 
Zn(acac)2 precursor, reaching up to 4.5 cd A-1

 in terms of efficacies. For the manufacturing 
parameters, it could be determined that a ratio of 2:1 ZnO:PEI, a ZnO particle size of 12 nm, 
and an 18 nm layer thickness (fabrication speed of 4500 rpm) resulted in the best-performing 
OLEDs. 

 

 

5.2 Novel Molecules for Improved Wetting 
 

5.2.1 Introduction 
 

Interlayers between the electrodes and emitter materials are crucial ingredients for highly 
efficient OLED devices. As could be demonstrated for the case of a ZnO:PEI layer in the 
previous section, luminance values and efficacies were significantly increased. But not only 
OLEDs but also solar cells benefit from interlayers, in this case, to maximize the extraction of 
charge carriers from the active material. In perovskite solar cells (PSC) the active layer, also 
called the light-harvesting layer, is usually made from a compound, lead-organic-based 
perovskite structure.[191,192] As previously described (see section 2.4.1) for OLEDs, the simplest 
approach of an active layer between two electrodes is, although functional, not very efficient, 
due to energy level mismatches of the layers. Hole and electron transport layers as well as 
charge extraction layers can be included in the solar cell structure to drastically enhance device 
performance. These additional layers need to be matched in their energy levels to those of the 
perovskite to facilitate charge carrier extraction. They can be made out of different materials 
like organic molecules, polymers, or metal oxides.[193–195] 

The de-facto standard material for hole transport in perovskite devices has long been the 
conductive polymer PEDOT:PSS.[196,197] However, due to its better energy level alignment with 
the perovskite layer, Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) has replaced 



5.2. Novel Molecules for Improved Wetting 

 
87 

PEDOT:PSS in more recent research.[198] Although this change was able to improve the open-
circuit voltage of solar cells, owing to more suitable energy level alignment and better charge 
carrier transport, the fill factor was lowered. [199]  

Unfavorable perovskite growth with smaller grains, leading to more recombination at grain 
boundaries is thought to be one of the reasons for the decrease in fill factor.[200]

 This can be 
caused by improper wetting of the perovskite when processed on the PTAA. Since PTAA is a 
strongly hydrophobic polymer, as a result of it being nonpolar with low surface energy, the 
polar solvents used to process the perovskite (mostly N,N-dimethylformamide, dimethyl 
sulfoxide, or mixtures of both) are unable to adequately wet the PTAA layer.[201,202] Especially 
when scaling the production methods from small-scale spin coating to more scalable techniques 
such as roll-to-roll processing or inkjet printing, this quickly becomes the limiting factor in 
terms of perovskite film quality.[203] 

Multiple solutions for this problem have been proposed. Wetting can be improved by the 
addition of surfactants such as aluminum or silicon oxide nanoparticles.[204,205] UV-Ozone 
plasma treatment was applied as well to improve the wetting of perovskites on PTAA.[206] 
However, this process can easily degrade the PTAA and change its optical and electrical 
properties.[207] Mixing PTAA with other, more polar molecules or polymers has been suggested 
as well.[208] 

The ongoing search for materials with better wettability, while maintaining suitable energy 
levels for perovskites, has also led to the development of novel materials. In this section, two 
novel molecules are discussed. These molecules were synthesized by Prof. Milan Kivala and 
his group at Ruprecht-Karls-Universität Heidelberg. Starting from the well-known molecules 
triphenylamine (TPA) and trinaphthylamine (TNA), polyethylene glycol (PEG) has been 
attached, resulting in the two molecules PEG-TPA and PEG-TNA (chemical structures are 
shown in Scheme 5.1). These were analyzed using a variety of different techniques to determine 
their electrical, optical, and wetting properties. Finally, perovskite solar cells were fabricated 
and characterized to evaluate their feasibility as a replacement for PTAA. 
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Scheme 5.1. Chemical structures of the utilized polymer PTAA and the two novel small molecules PEG-TPA  
and PEG-TNA. 
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5.2.2 Materials and Experimental Setup 
 

Solution Preparation: Solutions of PTAA (Ossila, MW = 55 000 g mol−1), PEG-TNA, and 
PEG-TPA were prepared by dissolving them at a concentration of 5 mg ml-1 in toluene. 
Solutions were stirred for 30 min at 60 °C prior to any processing step. Precursors for the triple 
cation perovskite were dissolved in a 4:1 mixture of N,N-dimethylformamide and dimethyl 
sulfoxide and stirred at 60 °C overnight. Perovskite solution was prepared by mixing the 
precursor solutions. 

Sample Preparation: Glass substrates for SFM and contact angle analysis, quartz samples for 
optical characterization, and ITO substrates for energy level, morphology, and mobility 
measurements were prepared by cleaning them by sonication for 10 min with acetone and 
isopropanol. Before use, the sample surface was activated by a 5 min O2 plasma treatment in a 
Femto plasma system (Diener) at a gas pressure of 0.35 mbar and 500 W of power. For all 
experiments, thin films were fabricated via spin coating at 2500 rpm with subsequent drying at 
60 °C for 10 min on a hotplate. Printing of the perovskite ink was performed on a PiXDRO 
LP50 inkjet printer (Meyer Burger / Süss Microtec) using a Spectra S-Class printhead with a 
nominal drop volume of 30 pl. 

Sample Analysis: Prepared samples were optically analyzed via a LEXT OLS4100 laser 
scanning microscope (Olympus). SFM images were recorded on a Bruker FastScan SFM in 
tapping mode. UV-Vis spectra were taken with a Perkin Elmer Lambda 950 double-beam 
spectrometer. Scanning electron microscopy images were recorded by the HZB SEM service. 

Chemical and Energy Analysis: Chemical analysis was performed via XPS, and the energy 
levels of the samples were analyzed by UPS. Both measurements were made on a JEOL JPS 
9030 photoelectron spectrometer. Ionization energy was determined by PYS on an AC2 
photoelectron yield spectrometer by Riken Keiki with photon energies between 4.2 and 6.2 eV. 
Contact angle measurements were carried out on a Krüss DSA100 Drop Shape Analyzer and 
fitted using the OWRK method. 

Device Preparation: Hole-only devices were prepared by firstly cleaning the samples as 
described above. PEDOT:PSS was then spin-coated on top at 1000 rpm for 12 s and then 
2000 rpm for 30 s. Films were dried subsequently on a hotplate for 10 min at 220 °C. Thin films 
of PTAA, PEG-TNA, PEG-TPA, and mixtures were spin-coated at different speeds and 
annealed for 10 min at 60 °C. A top electrode of 7 nm of MoO3 and 150 nm of gold was finally 
thermally evaporated before encapsulating the samples using glass slides and UV-curable resin 
(Ossila), which was cured for 10 min under 365 nm light. Solar cells were produced at the HZB 
HySPRINT labs by spin coating perovskite precursor solution (5 s acceleration to 3500 rpm, 
35 s rotation at 3500 rpm). An anti-solvent drip of 250 µl of Anisole was applied after 25 s. 
Afterwards, the sample was annealed at 100 °C for 30 min. 23 nm of fullerene and 8 nm of 
bathocuproine were thermally evaporated on top, followed by an electrode consisting of 200 nm 
of copper. Devices were encapsulated with a glass slide and UV-curable resin (BLUFIXX). 

Device Characterization: JV characterization was performed with a Keithley 2612B source 
meter with a purpose-built setup (detailed description, see 3.2.10). Solar Cells were measured 
with a sun simulator (Abet Technologies) at an illumination of 1 sun with an AM 1.5 filter. 
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5.2.3 Molecular Properties 
 

Both novel molecules were received in powdered form. Since all characterization in this section 
relies on thin films, PEG-TPA was dissolved in toluene at a concentration of  
5 g l-1 to fabricate solution-processed layers. However, it was determined that spin coating pure 
PEG-TPA did not result in fully closed films. Therefore, PTAA was added in varying 
concentrations hoping that its polymeric nature would allow hole-free layers to be processed. 
PTAA percentages of 5% or more resulted in closed surfaces as can be seen in Figure 5.5.  
A 95:5 (by volume) mixture of PEG-TPA:PTAA was therefore used for all further experiments. 
PEG-TNA was dissolved in toluene as well but resulted in closed films without further addition 
of PTAA. However, to be able to compare the two molecules, a mixture with 95:5 PEG-
TNA:PTAA was also analyzed. All further experiments were performed on both molecules. 

 

0% PTAA 2% PTAA 5% PTAA 

   
Figure 5.5. Optical microscope images of PEG-TPA layers with different percentages of PTAA mixed in. Pure 
PEG-TPA samples and samples with 2% of PTAA added show no closed surfaces. This was confirmed by SFM 
measurements. The goal was a homogeneous film, as can be seen in the 5% sample. 

 

Since the molecule to be examined is a newly synthesized one, a chemical analysis was first 
carried out via XPS. Thin films of the 95:5 mixture and a pure PTAA film were examined. For 
the pure PTAA sample only a signal at a binding energy of 284 eV and one at 400 eV could be 
found in the broad survey scans (see Figure 5.6). These two signals correspond to the carbon 
1s (C1s) and nitrogen 1s (N1s) orbitals. Due to the PEG group in the PEG-TPA, an additional 
oxygen peak at 553 eV could be observed in the mixture sample. The carbon and nitrogen peaks 
were analyzed in more detail. As can be seen in Figure 5.7b and c, the nitrogen peak consists 
of a single signal, a result of the C-N bonds to the central nitrogen atom. In the PTAA sample, 
the carbon peak displays two contributions, a strong C-C/C-H signal as well as an expected 
weaker C-N signal. In the case of the mixture, deconvolution of the carbon peak revealed three 
contributing signals (Figure 5.7c): the same C-C/C-H and C-N signals as for PTAA and the 
additional C-O contribution from the PEG group. The deconvolution of the oxygen peak can 
be found in Figure 5.6. No additional signals from other elements were found, so it can be 
concluded that no by-products of the synthesis remain.  
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Figure 5.6. XPS elemental analysis. (a) Survey scans of PTAA and PEG-TPA. (b) Fine scan of the oxygen peak 
for a 95:5 mixture of PEG-TNA:PTAA. In the survey, only the expected signals were found. A carbon-oxygen 
signal from the PEG group as well as a contribution from the underlying ITO substrate could be identified in the 
fine analysis. 

 

 
Figure 5.7. XPS elemental analysis of pure PTAA (a,b) and a 95:5 mixture of PEG-TPA:PTAA (c,d). Shown are 
the fine scans of the carbon peak (a,c) and nitrogen peak (b,d). The mixture includes an oxygen signal in the carbon 
peak which can be associated with the PEG group. Colored regions depict the area determined by a Voigt fit. 
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After the chemical analysis, optical characterization via UV-Vis spectroscopy was performed. 
As can be seen in Figure 5.8, mixtures of the molecules with PTAA show the expected blend 
of peaks from PTAA and the pure molecules. For PEG-TNA the absorption peaks exhibit a 
shift towards shorter wavelengths. From the absorption onset of these measurements, the 
bandgap was estimated. A bandgap of 2.9 eV was found for pure PTAA and the PTAA 
mixtures, while pure PEG-TNA showed a larger bandgap of 3.1 eV. In combination with the 
ionization potential, analyzed via PYS measurements on thin films, the energy levels of the 
used molecules and mixtures could be assessed (Figure 5.8b). Both mixtures of PEG-TPA and 
PEG-TNA with PTAA and the pure PTAA show lower HOMO levels, which is expected to 
facilitate charge carrier extraction in solar cells. 

Figure 5.8. Optical/electrical characterization. (a) Normalized UV-Vis spectra of thin films of PTAA, PEG-TNA, 
and the 95:5 mixtures. (b) Energy levels of the same materials. The optical bandgaps were estimated from the 
absorption onsets. Ionization potential was measured via PYS. Perovskite levels are taken from literature.[209] 

 

As mentioned in the introduction, suitable energy levels are not the only goal for the two novel 
molecules. Improved wetting should also be achieved for the subsequent perovskite layer. In 
order to analyze the performance of the substances with regard to this property, a morphology 
analysis was carried out. In the first step, SFM images were recorded, which are presented in 
Figure 5.9. All molecules and mixtures revealed closed, pinhole-free surfaces. Concerning the 
roughness, all samples were evaluated over a length of 50 µm. PTAA showed the lowest 
roughness with a Ra value of 0.6 nm. As can be also seen in the SFM image for pure PEG-TNA, 
some higher surface features are present which consequentially also increase the surface 
roughness to 0.7 nm. Mixing with PTAA results in a decrease in roughness to Ra = 0.4 nm. All 
in all, all layers show a smooth, closed surface. 

In the next step, contact angle measurements were performed to evaluate the wetting properties 
of the samples. As shown in Figure 5.10. for the case of water, contact angles could be 
significantly decreased when using the mixtures or pure PEG-TNA compared to PTAA. The 
contact angle decreased from 82° for neat PTAA to 48° for the TPA blend and 35° for the TNA 
blend, a decrease of up to 58%. Contact angles recorded with diiodomethane displayed the same 
trend. The surface free energy was then calculated according to the OWRK model. An increase 
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from 47 mN m-1 for pristine PTAA to 66 mN m-1 for TPA 95:5, 70 mN m-1 for TNA 95:5, and 
71 mN m-1 for pure PEG-TNA could be measured. This was attributed to the higher polarity of 
the PEG-TPA and TNA molecules compared to PTAA (for the pure polar parts of the surface 
free energy, see Table 5.2). Wetting envelopes also display the much higher wettability of fluids 
with a vast range of surface tensions on PEG-TNA and the mixtures compared to pure PTAA. 

 

                     PTAA                    TPA 95:5 

  

  
                   PEG-TNA                     TNA 95:5 

Figure 5.9. SFM images of PTAA, PEG-TNA, and the 95:5 mixtures. All films show a smooth, closed, pinhole-
free surface. The 95:5 mixture of PEG-TNA shows some higher features in the layer. Roughness values are 
measured over a length of 50 µm. 

 

In order to replace PTAA in solar cells, novel materials must have a good ability to transport 
holes. Therefore, the hole mobility of PEG-TNA (pure and 95:5 mix with PTAA) and a 95:5 
mixture PEG-TPA:PTAA was determined through space charge limited current measurements 
of hole-only devices. These devices sandwich the layer to be analyzed between two materials 
with very low electron conductivity. This enables mostly holes to be responsible for the flowing 
current. Thus, by analyzing the current-voltage curve, the hole mobility can be assessed. Hole-
only devices were fabricated, and the JV curves displayed in Figure 5.11a were recorded. It is 
immediately noticeable that PTAA devices exhibit the highest current flow. Fitting the curves 
and extracting the hole mobility according to the Mott-Gurney square rule (see Figure 5.11b) 
resulted in a hole mobility of 2.3∙10-7 cm2 V-1 s-1 for PTAA, 4.8∙10-8 cm2 V-1 s-1 for TPA:PTAA, 
6.8∙10-8 cm2 V-1 s-1 for TNA:PTAA and 3.9∙10-8 cm2 V-1 s-1 for pure PEG-TNA. While there 

Ra = 0.6 nm Ra = 1.5 nm 

Ra = 0.4 nm Ra = 0.7 nm 
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are no reference values for the new molecules, it must be noted that the value for PTAA is two 
orders of magnitude lower than reported in the literature. Ko et al. have reported that the hole 
mobility of PTAA is 3-4∙10-5 cm2 V-1 s-1 depending on the PTAA thickness,[210] and even higher 
reported values can be found.[211]  

Since PTAA is known to degrade in oxygen and water-containing atmospheres,[212] it is 
believed that this contributed to the low conductivity measured here. Still, the conductivity of 
PTAA is at least one order of magnitude higher than those of the other molecules and mixtures. 
Before proceeding to integrate the PEG-TNA into a perovskite solar call, Table 5.2 again gives 
an overview of the determined morphological, optical, and electronic properties. 

 

 

 

 

 

Figure 5.10. Wetting behavior. (a) Wetting envelope of different mixtures. (b-d) contact angles of water on PTAA, 
PEG-TNA, and the 95:5 mix. Pure PEG-TNA and the mixtures exhibit significantly improved wetting when 
compared to PTAA. The contact angle of water was reduced by more than 50%. 

 

 

Figure 5.11. Mobility analysis via hole-only devices. (a) JV curves of PEG-TNA, PTAA, and a 95:5 mixture. 
(b)  fits to determine the hole mobility via the Mott-Gurney square rule. PTAA shows the highest conductivity and 
hole mobility of the analyzed molecules. 
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Table 5.2. Overview of the properties of PTAA, PEG-TNA, and the 95:5 mixtures. Shown are the transmission, 
roughness, surface free energy, energy levels, and hole mobility. 

   Surface Free Energy Energy Levels  

 Transmission a) 

(%) 
Roughness 

(nm) 
polar disperse HOMO LUMO Hole Mobility 

(cm2 V-1 s-1) (mN m-1) (eV) 
PTAA 95 0.6   2.3 44.4 -5.1 -2.2 2.3∙10-7 

TPA mix 92 1.5 15.2 50.5 -5.2 -2.3 4.8∙10-8 
TNA mix 98 0.7 20.0 49.8 -5.2 -2.3 6.8∙10-8 
PEG-TNA 99 0.4 21.4 49.7 -5.6 -2.5 3.9∙10-8 

a) Averaged over the visible spectrum 

 

 

5.2.4 Application in Perovskite Solar Cells 
 

The efficacy of perovskite solar cells is highly dependent on the perovskite film morphology. 
Closed, pinhole-free layers with larger grain structures highly benefit the device's performance. 
To investigate if a perovskite layer of sufficient quality can be produced on the novel molecules, 
triple cation perovskite was processed by different means onto layers of PTAA, PEG-TNA, and 
the 95:5 mixture. Figure 5.12 presents an overview of samples with spin-coated and inkjet-
printed perovskite. As can be clearly seen spin coating is possible on all three investigated 
samples. However, the film quality is vastly improved when PEG-TNA or the 95:5 mixture is 
used to pre-treat the substrate. Fewer pinholes and a more homogeneous film coverage can be 
achieved. 
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Figure 5.12. Spin-coated (top) and printed samples (bottom) of perovskite on the three different films. While spin 
coating on PTAA is possible, adding the PEG-TNA molecule enhances surface quality. In the cases of printing, 
PEG-TNA allows for closed films. 
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Printing the perovskite further demonstrates the superior wetting properties of PEG-TNA 
compared to PTAA. While it is possible to obtain a closed perovskite surface on PEG-TNA and 
the mixture, the printed drops do not merge into a homogenous layer on PTAA. As stated in the 
introduction, the nonpolar and therefore hydrophobic PTAA does not allow sufficient wetting 
by the polar solvents used for perovskite preparation. In contrast, completely covered films can 
be obtained on PEG-TNA. Mixing the two substances makes it possible to adjust the wettability 
and thus not only obtain complete wetting but also defined structures. This can be seen in Figure 
5.12 for the printed samples (bottom row). For all three, a square pattern was printed. In the 
case of PTAA the printed surface is not closed (wetting too low) and for pure PEG-TNA the 
edges of the square are washed out (wetting too high). The 95:5 mixture gives a good 
compromise and results in a well-defined, closed shape.  

Further investigations of the perovskite layers, spin-coated on different molecules or mixtures, 
were performed by recording the SEM images displayed in Figure 5.13. Microscopically, all 
layers exhibit a closed-grain structure with no visible pinholes. However, the grain size of the 
novel molecules and their mixtures with PTAA is notably smaller than those of PTAA. In 
principle, larger grains, such as those in Figure 5.13a, are expected to show better performance 
when integrated into PSCs. The long, needle-like structures in Figure 5.13a, c, and d are most 
likely lead iodide. The black dots in Figure 5.13d are presumably caused by prolonged electron 
beam exposure while recording the SEM image. 

PTAA TPA 95:5 

  

  
PEG-TNA TNA 95:5 

Figure 5.13. SEM analysis of PEG-TNA, PTAA, and the 95:5 mixture. (a) On pure PTAA the perovskite 
crystallizes in larger crystals. (b) A 95:5 mixture with TPA shows small crystallites. (c) The needle-like structures 
in pure PTAA and PEG-TNA are most likely lead iodide. (d) Black dots are not pinholes but defects due to the 
high SEM energy. Measurements courtesy of Carola Klimm, HZB SEM service. 

 

In a final step, to assess the performance of the novel molecules in working devices, perovskite 
solar cells, including the novel materials or PTAA were fabricated. JV characteristics were 
recorded and the open-circuit voltage Voc, the short-circuit current Jsc, the area-normalized 

b 

c d 
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series and parallel resistances Rs, and Rp, the fill factor FF and the power conversion efficiency 
PCE were calculated. The results are shown in Table 5.3. It can be seen that the series resistance 
of all new material combinations is higher than that of PTAA. This was to be expected given 
the previously measured lower mobilities of these materials. As a higher series resistance 
reduces the fill factor, the overall power conversion efficiency of the solar cell is likewise 
reduced. Regarding the shunt resistance, lower values are observed for the novel materials, 
especially for PEG-TNA. Since these are mostly caused by manufacturing defects such as 
internal shorts that create an alternative path for the generated photocurrent, structural 
properties of the perovskite on the novel molecules are most likely the cause of the lowered 
values.  

 

As seen before, the microscopical structure of perovskite on PTAA reveals larger grains. Huang 
et al. have found that grain boundaries are often rich in defects and thus favor undesired 
recombination of charge carriers.[200] Smaller grains (and thus more grain boundaries), as can 
be seen in Figure 5.12 for the new materials, can therefore limit the fill factor and hence also 
the efficiency of the cell. The novel materials could therefore not improve the efficiency of the 
employed PSC types. 

 

Table 5.3. Overview of the solar cell parameters. Shown are the open-circuit voltage Voc, the short-circuit current 
Jsc, the area-normalized series and shunt resistances Rser, and Rsh, the fill factor FF and the power conversion 
efficiency PCE. All values are averaged over at least 10 devices. 

 Voc (V) Jsc (mA cm-2) Rser (mΩ cm2) Rsh (Ω cm2) FF (%) PCE (%) 
PTAA 1.08 21.76 5.45 5.58 74.68 17.59 

TPA mix 1.09 21.74 9.88 4.73 68.43 16.16 
TNA mix 0.93 21.79 6.45 1.31 66.15 13.58 
PEG-TNA 0.89 21.68 7.17 1.22 64.55 12.64 

 

 

5.2.5 Conclusion for Novel Molecules 
 

In this section, two novel materials were analyzed as possible replacements for PTAA in 
perovskite solar cells. Better wetting for perovskites as well as better device performance due 
to more favorable energy levels was expected. Closed films could not be obtained for pure PEG-
TPA. PEG-TNA together with 95:5 mixtures of both molecules with PTAA showed closed 
films with appropriate film morphologies. The hole conductivity was found to be significantly 
lower than that of PTAA. While films of the blends and PEG-TNA greatly improved wetting 
for spin-coated perovskites and enabled inkjet printing, no improvement in device performance 
could be achieved. 

From these experiments, it can be concluded that PEG-TNA, as well as PEG-TPA, should be 
analyzed for their potential as possible wetting promoters, used as additives with polymers such 
as PTAA. Our collaborators in Heidelberg further plan to polymerize both molecules as well as 
additionally alter their structure to achieve the goal of improved device performance in PSCs.
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6 Crosslinking for Multilayer Devices 
 

In the previous chapter, it has been shown that multilayer OLEDs exhibit significantly improved 
characteristics when compared to single-layer ones. However, processing these additional 
layers is not always an easy task when utilizing solution processing methods. One approach is 
to utilize crosslinking to insolubilize underlaying layers prior to further processing. This chapter 
deals with crosslinking as an alternative approach to finding an orthogonal solvent system. The 
concept of crosslinking is introduced first before a novel material is used as an additive 
crosslinker to facilitate the production of inverted Super Yellow OLEDs with additional 
interlayers. 

 

Parts of this chapter have been previously published.[213] Additional data has been included. 

Crosslinking Super Yellow to produce super OLEDs: Crosslinking with azides 
enables improved performance 

M. Hengge, P. Hänsch, D. Ehjeij, F.S. Benneckendorf, J. Freudenberg, U.H.F. 
Bunz, K. Müllen, E.J.W. List-Kratochvil and F. Hermerschmidt 

Journal of Polymer Science, 2022; DOI: 10.1002/pol.20220120 
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6.1 Introduction 
 

As described in section 2.4.1, OLEDs can consist of an emissive layer sandwiched between two 
conductive electrodes. However, in this most basic OLED structure only very low current 
efficacies can be reached since charge carriers can pass through the active material without 
recombination; carriers might face an injection barrier when traversing into the emitting layer 
or are not confined in the middle of the emitter layer with the possibility of emission-quenching 
at the electrodes. In more complex architectures, these issues can be counteracted by inserting 
additional injection, blocking, and transport layers around the emitter. These multi-structures 
can be fabricated by a variety of processes. The industry standard of thermal evaporation, while 
in principle being able to fabricate multilayers, quickly reaches its limit, since not all material 
classes are suitable here. Polymer materials, a class of materials of great research interest, tend 
to degrade when exposed to elevated temperatures. Only a few polymers have been successfully 
processed by thermal evaporation.[214,215] According to a review by Gritsenko and 
Krasovsky,[216] in the majority of cases, polymer layer fabrication by physical vapor deposition 
happens via thermal decomposition and subsequential repolymerization of the polymer on the 
substrate. Solution processing as an alternative method brings its own problems. Base materials 
have to be dissolved in suitable solvents and are then deposited by a variety of different 
techniques such as spin coating, spray coating, blade coating (doctor blading, slot-die coating), 
roll-to-roll processing, or inkjet printing. While finding an appropriate solvent can be 
challenging on its own, special care must be taken to ensure that the solvent chosen does not 
redissolve the previously deposited layer. This leads to what is known as an orthogonal solvent 
system, where each layer is not soluble in the subsequent solvent (an exemplary stack is shown 
in Figure 6.1). Since many molecules and polymers have similar solubilities in “standard” 
solvents like toluene or tetrahydrofuran, this can be a difficult task. 

As will be seen later in this chapter, reducing the contact time between a layer and the 
subsequent solvent can be a viable way to solve this problem. This is, however, not a suitable 
approach for all the above-mentioned fabrication methods, since especially for blade coating 
the resulting layer thickness strongly depends on the coating speed. Therefore, the contact time 
cannot easily be adjusted here. Another method to reduce solubility is thermal stabilization. 
Here a polymer is subjected to prolonged heat treatment, resulting in strongly reduced 
solubility. This has been widely used with the common hole-transport material  
poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB),[217] and should, 
according to literature, also be applicable for other polymer materials.[218] Since heat treatment 
is known to reduce the quantum yield of polymer emitters,[219] this is not a suitable approach 
for all OLED layers. The first technique is based on endowing the polymer side chains with 
reactive functional groups. Crosslinking can be a suitable alternative. Here polymer chains are 
linked together by additives, forming a less soluble network. Some important crosslinking 
specimens should be briefly discussed with their positives and drawbacks: 

Silanes can be converted into silanols via hydrolysis, which then can link small molecules by 
condensation furnishing siloxanes.[220,221] No specific activation such as temperature or light is 
needed. However, the crosslinking method is not suitable for water-sensitive materials or 
devices as water is a side product of the condensation reaction. In any case, this water might 
also need additional removal steps. 
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Styrenes have been used to link small molecules as well as polymers via a thermally initiated 
radical reaction.[222] No side products are formed, however, the materials that are being linked 
need to be thermally stable over a longer period and the selectivity of radical reactions remains 
an issue. 

Acrylates, like styrenes, are immobilized by a radical mechanism, but an additional initiator is 
needed, which itself can be activated thermally or via light.[223,224] As with silanes, side products 
(here from the initiator) can be an issue. 

Oxetanes usually use acids as an initiator to start the rapid polymerization reaction. Photoacids 
are commonly used, which can lead to side products or mobile ions which might have to be 
removed.[225,226] 

All of these specimens are usually added as functional side groups. However, this makes them 
highly selective. More universal crosslinkers can be added to a solution and are able to crosslink 
multiple classes of polymers. Particular care is required specifically when crosslinking the 
active layer of an OLED. While the polymer should be rendered insoluble, the process must not 
disturb the material's π-electron system, which could result in reduced light emission or 
conductivity. 

 

 
Figure 6.1. Exemplary OLED stack utilizing an orthogonal solvent system where a solvent is not able to dissolve 
the previously deposited layers. On the right side, the solvents are listed for each layer. 

 

In this chapter, the polyphenylene-vinylene polymer (PPV) Super Yellow (SY) is crosslinked 
via the addition of a novel bisazide additive. Different crosslinking conditions are investigated 
and optimized. A multi-layer OLED containing an electron blocking layer (EBL) is then 
produced to assess the crosslinking effectivity. Different EBL materials and deposition methods 
are examined resulting in a highly efficient, solution-processed OLED. 

 

6.2 Materials and Experimental Setup 
 

Crosslinker Synthesis: The bisazide crosslinker was synthesized according to Scheme 6.1 by 
the group of Jan Freudenberg at Universität of Heidelberg. Details of the synthesis process can 
be found elsewhere.[227] 
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Scheme 6.1. Reaction scheme of the synthesis of the azide crosslinker 1 from hydrochinone and  
1-azido-4-(bromomethyl)-2,3,5,6-tetrafluorobenzene. 

Solution Preparation: The PDY-132 (Super Yellow, Sigma-Aldrich) light-emitting polymer 
and the crosslinker were dissolved in toluene at concentrations of 5 mg ml-1 and combined via 
mixing in the desired ratios. Prepared solutions were stirred for several hours at 50 °C before 
being used. Zinc oxide (ZnO) nanoparticle solution (Genesink, 1% dispersion in isopropanol, 
particle size 12 nm) was used as received. A solution of polyethyleneimine (PEI) was prepared 
according to literature by dissolving PEI (Sigma Aldrich, MW = 25 000 g mol−1) in isopropanol 
to obtain a concentration of 0.4 wt%.[166] Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine 
(PTAA) (Ossila, MW = 55 000 g mol−1) was dissolved in toluene at a concentration of  
5 mg ml-1 for 8 nm films and 1 mg ml-1 for 4 nm films. 

Sample Preparation: Glass substrates with patterned ITO (Psiotec Ltd.) for device 
preparation, quartz glass for spectral analysis, and soda-lime glass for thickness measurements 
were cleaned by thoroughly wiping them with acetone and isopropanol. Afterwards, a 5 min O2 
plasma treatment in a Femto plasma system (Diener) at a gas pressure of 0.35 mbar and 500 W 
of power was used to activate the sample surface before solution deposition. 

Crosslinking Procedure: Super Yellow thin films were produced from a toluene solution, with 
or without a crosslinker, spin-coated at 2500 rpm for 60 s. Samples were subsequently 
transferred to a vacuum oven which was flushed multiple times with nitrogen before evacuation. 
Crosslinking (CL) was performed under vacuum at different temperatures and durations. After 
crosslinking, the oven was allowed to cool down slowly to room temperature before it was 
vented with nitrogen gas. 

Thin Film Characterization: The film thickness was determined via a DektakX Stylus Profiler 
(Bruker) as well as a LEXT OLS4100 confocal laser microscope (Olympus). A washing test 
was performed prior to thickness measurements of crosslinked samples: For this purpose, 40 µl 
of pure toluene was spin-coated on the sample. Samples were then dried for at least 15 min on 
a hotplate at 120 °C before any thickness measurements. The sample surface was analyzed 
using a scanning force microscope (Bruker FastScan) in tapping mode. UV-Vis spectra were 
taken with a Perkin Elmer Lambda 950 double-beam spectrometer. An FS5 and an FLS980 
fluorescence spectrometer (Edinburgh Instruments Ltd.) were used for photoluminance 
measurements and quantum yield measurements respectively. 

Device Preparation: Pre-patterned ITO substrates were prepared as described above. A blend 
of ZnO and PEI was then spin-coated at 2500 rpm and subsequently dried on a hotplate for 
10 min at 120 °C. The SY/Crosslinker emitter was doctor-bladed with a speed of 10 mm s-1 on 
a 60 °C substrate plate, where it was also dried for 10 min. The fabrication parameters of the 
EBLs are described in the main text.  
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All solution processing was carried out in ambient conditions. Finally, a top electrode of 10 nm 
of MoO3 and 200 nm of silver was evaporated thermally with a base pressure of 10-6 mbar. 
Shadow masks were used to make devices with 0.04 and 0.49 cm2 of active area. Encapsulation 
was done using glass slides and UV-curable resin (Ossila), cured at 365 nm for 10 min. 

Device Characterization: Devices were characterized by measuring current density-voltage-
luminance curves with a Keithley 2612B source meter and a Konica Minolta LS-160 luminance 
meter with a purpose-built setup (detailed description in section 3.2.10). Electroluminescence 
spectra were recorded on a CS 2000 spectrometer (Ocean Optics) using OceanView software. 

 

6.3 Optimization of the Crosslinking Process 
 

Since the bisazide crosslinker (shown in Scheme 6.1)  has not been described in literature 
before, it is not known what crosslinking parameters are best suited to obtain sufficiently 
insolubilized films. It is to be expected that longer durations, as well as higher proportions of 
crosslinkers in the polymer material, will lead to more resistant films. This section is a summary 
of the work of Paul Hänsch, published in his Master Thesis: “Azide-based cross-linker for 
multilayer solution processed organic light-emitting diodes”.[228] As he has performed the 
crucial optimization experiments on which the further experiments of this chapter are based, 
his results on crosslinking of Super Yellow shall be briefly summarized here. 

Temperature and crosslinker percentage series were carried out to determine at which 
temperature the crosslinking process is the most efficient and what crosslinking times are 
needed. The results are shown in Table 6.1. To determine the percentage of the remaining film, 
a washing test was performed as described above. The expectations of higher film retention at 
longer durations could be confirmed. Up to 98% of the initial thickness remained when 
crosslinking for 8 h but even durations as low as 1 h lead to 87% of remaining film. Higher 
crosslinker concentration was shown to have a positive influence on the film, a weight 
percentage of 5% of crosslinker led to thicker remaining films than 1%. 

Table 6.1. Crosslinking parameters for Super Yellow. Shown are the crosslinking duration at a temperature of  
140 °C, the crosslinker concentration, and the remaining film thickness after a washing test with toluene. Long 
curing times (≥ 4 h) led to a high proportion of residual film. A low concentration of 1 wt% at 1 h of crosslinking 
gives adequately insolubilized films. 

Duration 8 h 4 h 1 h 

CL concentration (wt%) 5 1 5 1 

Remaining thickness (%) 98 94 93 87 

 

Higher temperatures up to 180 °C, longer durations up to 20 h, and concentrations up to 50 wt% 
were also investigated. However, since Super Yellow is known to degrade under prolonged 
exposure to higher temperatures it was concluded that a good compromise between film 
retention and crosslinking parameters was 1 h of crosslinking at 140 °C, with 1 wt% of 
crosslinker. Additionally, this enables the future application of the crosslinker on temperature-
sensitive substrates such as PET or other flexible materials. It is worth mentioning that the 
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crosslinker was initially intended for crosslinking polyfluorenes. However, it was quickly 
determined that crosslinking could only be achieved in a few selected materials. Contrary to the 
expectation that PPV materials are not compatible with this crosslinker, Super Yellow could be 
successfully crosslinked. 

 

6.4 Characterization of Crosslinked Films 
 

Preliminary work suggested that crosslinking sufficiently happens at 140 °C. At this 
temperature, singlet nitrene generation is expected to happen at both azide groups of the 
crosslinker. To support this claim, thermogravimetric analysis (TGA) measurements were 
performed. The curves are shown in Figure 6.2a. A mass loss of 11.7% could be observed 
starting at 140 °C and ending at 204 °C. This is in good agreement with theoretical calculations 
which suggest a loss of 10.9% due to the cleavage of nitrogen from the molecule. The 
disappearance of the signature azide peak at 2125.17 cm-1 in the FTIR spectrum (Figure 6.2b) 
after annealing further supports this evidence. 

To determine whether the crosslinker interferes with the optical properties of the Super Yellow 
emitter material, absorption and emission spectra were carried out on crosslinked and non-
crosslinked thin films. UV-absorption spectral shape and maximum remain constant under the 
addition of different crosslinker percentages (see Figure 6.3a) with a maximum at 447 nm. The 
same holds true for the photoluminescence at low crosslinker percentages. Increasing the 
amount of crosslinker leads to a broadening of the PL spectrum as the intensity of the emission 
peak at 550 nm decreases. PL signal and quantum yield (Figure 6.3b) are likewise reduced when 
increasing the crosslinker concentration. For all further experiments, 1 wt% of crosslinker is 
added if not stated differently. Since no blue-shift was observed for either absorption or 
emission, it can be concluded that the crosslinking mechanism involves CH insertion of nitrenes 
into the side chains of the emitter, as described in literature,[229] while the PPV 
backbone/chromophore remains intact. 

 

 
Figure 6.2. Crosslinker analysis. (a) TGA/DSC curves. The curve shows a weight loss starting at 140 °C and 
ending at 204 °C with a total mass loss of 11.7%. Theoretical calculations give a total weight loss of 10.9%.  
(b) FTIR spectrum. The typical azide peak is present at 2125.17 cm-1 before heating. After heating, a strong 
reduction of the azide peak is visible, indicating nitrogen cleavage from the bisazide. TGA/DSC and IR 
measurements were performed at University of Heidelberg by Daniel Ehjeij. 
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Figure 6.3. Spectral characterization of films with different crosslinker concentrations. (a) Normalized absorbance 
and PL emission. At low crosslinker concentrations, no shift in absorbance or the PL signal peak could be observed. 
High concentrations shift the PL and lead to a broadening of the spectrum. (b) PL emission and quantum yield. 
The quantum yield only decreases significantly at high crosslinker concentrations. 

 

6.5 Influence of the Electron-Blocking Layer 
 

To further judge the effectiveness of the crosslinking procedure, inverted bottom-emitting 
OLEDs were produced. An additional electron blocking layer is solution-processed from 
toluene onto the Super Yellow emitter. As described before, an electron blocking layer prevents 
charge carriers (in this case electrons) to pass through the emitter layer without recombination. 
In this case, the energy level of the blocking layer must be matched to that of the emitter to 
achieve effective blocking of the electrons. The EBL LUMO has to lie higher than the LUMO 
of the EML. However, its HOMO should be close to the EML HOMO to facilitate hole injection 
into the emitter. A schematic stack of the inverted OLED can be seen in Figure 6.4a.  

 
Figure 6.4. Overview of the OLED architecture. (a) Schematic representation of the inverted OLED stack with 
layer thicknesses. (b) Energy levels of the used materials.[230,231] Dotted lines indicate work function levels. No 
interfacial effects were taken into account and all levels were regarded as being vacuum aligned. 

In Figure 6.4b the energy levels of all employed materials are displayed. TFB, PTAA, and 
Poly(N,N'-bis-4-butylphenyl-N,N'-bisphenyl)benzidine (Poly-TPD) were investigated as 
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possible candidates for the EBL. All three materials have been previously applied as an electron 
blocking layer either in OLEDs or solar cells.[232–234] 

If no crosslinker is added to the Super Yellow, the partial dissolution of the emitter from the 
additional solution processing can be expected to reduce the effectiveness of the device. As a 
first step, OLEDs with an active area of 0.04 cm-2 were fabricated. The EML was hereby 
crosslinked in half of the devices and the different EBL materials were included in part of the 
crosslinked and non-crosslinked OLEDs. In Figure 6.5 a comparison between a reference 
(reference always denotes a device without EBL) and two devices with TFB and PTAA is 
shown in terms of current efficacy. It can be seen that the addition of crosslinker to a reference 
device reduces the current efficacy by 19% from 3.2 to 2.7 cd A-1, following the previous results 
for PL and Photoluminescence Quantum Yield (PLQY). When adding the EBL to non-CL 
devices efficiency decreases as well (6% for TFB and 10% for PTAA). On CL-SY the EBL can 
help to recover previously lost efficacy. However, only a slight increase compared to the 
reference is visible, reaching 95% of the reference value for PTAA and 109% for TFB. 
Experiments with Poly-TPD did not yield favorable results and were not continued after a first 
survey. 

 

 
Figure 6.5. Comparison of different EBL materials. The addition of crosslinker lowers the efficacy of reference 
devices. TFB on CL-SY surpasses the reference slightly while PTAA does not. 

 

Not only the efficacy of an OLED is affected by introducing an additional layer. Given that 
electrons should effectively be prevented from passing through to the anode by the blocking 
layer, the leakage current is expected to decrease as well. The leakage current is the current that 
flows against the blocking direction of a diode, in this case current that flows at negative 
voltages. Since EBL materials oftentimes exhibit a good conductivity for holes, they normally 
have a secondary function, as a hole transport layer, in devices. Transport, however, is 
dependent on the layer thickness,[235] which was studied next. OLEDs with different PTAA 
thicknesses were produced and measured. As can be seen in Figure 6.6a, the leakage current is 
significantly reduced by more than two orders of magnitude when a thin EBL is added.  

Counterintuitively, a thicker PTAA layer does not result in a lower leakage current. The efficacy 
of crosslinked devices with a thinner, 4 nm layer of PTAA can reach 4.9 cd A-1  
(see Figure 6.6b), an increase from the reference of 53%. 

0 10000 20000

0

1

2

3

4

0 10000 20000 0 10000 20000 30000 40000

C
ur

re
nt

 E
ffi

ca
cy

 (c
d 

A-1
)

Non-Crosslinked
Crosslinked

Reference

Luminance (cd m-2)

TFB PTAA



6.5. Influence of the Electron-Blocking Layer 

 
105 

 
Figure 6.6. Influence of layer thickness on device efficiency. (a) Current densities show that devices with an EBL 
exhibit lower leakage current. (b) Efficacies. For PTAA, a thinner EBL with a thickness of 4 nm was found to 
increase the device efficiency by more than one with 8 nm. 
 

Since the pure crosslinking process slightly affected the efficacy of the device, it also needs to 
be investigated whether the electroluminescent emission properties change when crosslinking 
Super-Yellow or adding an EBL. From the PL data, it was expected that no change in emission 
would be visible for crosslinked OLEDs. This could be confirmed by taking the EL spectra 
presented in Figure 6.7a. The EL shape stays constant with a maximum emission at 554 nm. 
When adding an EBL however, the EL spectrum exhibited a bathochromic shift, especially in 
the case of TFB where the maximum shifts to 586 nm. This effect is well known in literature, 
where the formation of radiative exciplexes near the interface or microcavities have been 
suggested as an explanation.[236] Faria et al. in fact use this effect to tune the color of green 
OLEDs. The same redshift could be observed for PTAA where the emission maximum shifts 
to a wavelength of 590 nm. For both materials, crosslinking the underlying layer reduces the 
shift in wavelength. 

 

 
Figure 6.7. EL spectra. (a) comparison between a crosslinked and a non-crosslinked device. No difference in EL 
is visible. (b) TFB shifts the EL emission stronger on non-crosslinked devices. 

As discussed earlier, the dissolution of previously deposited layers does not only depend on the 
solubility of the layer but also on the contact time between layer and solvent. Therefore, it is 
suggested that faster processing can lead to more effective devices. This was investigated by 
spin coating an EBL of TFB onto (CL-)SY at different processing speeds. However, this does 
not mean that the rotation speed of the spin coater was increased, but rather that the spin coating 
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process was started as fast as possible after the deposition of the solution. Compared to previous 
results with TFB, the addition of the EBL to the device now exhibits an increase in current 
efficacy for both, the crosslinked and non-crosslinked device as can be seen in Figure 6.8. While 
the reference reaches 3.2 cd A-1, 4.1 cd A-1 was achieved with CL-SY plus EBL and 4.2 cd A-1 
on non-crosslinked SY. This means that reducing the contact time can be more beneficial than 
introducing a crosslinker. 

 

 
Figure 6.8. Influence of processing speed on device efficacy. If TFB is processed more quickly, the efficacy can 
be increased even on non-crosslinked devices. This is only possible for some fabrication techniques. 

 

Yet not all fabrication systems allow faster processing. Mainly for blade coating techniques, 
the thickness of the resulting layer relies on the blade speed, which therefore cannot be easily 
changed. As these are more scalable techniques and are thus more industry-relevant, 
crosslinking becomes an even more valuable procedure to obtain solution-processed 
multilayers. This was further investigated by fabricating devices with a 0.49 cm2 active layer 
with the EBL being doctor bladed. Referring to the previous EL results, it was decided to use 
PTAA as the EB material due to its smaller shift in wavelength. 

The results comparing spin-coated and doctor-bladed devices can be seen in Table 6.2 and 
Figure 6.9. Current densities of reference, non-crosslinked devices show the fastest onset in 
both cases, while all other devices are similar. Addition of PTAA decreases the flowing current. 
This effect is negated by crosslinking before addition of PTAA. Especially for doctor-bladed 
OLEDs, the current density of devices containing the EBL is nearly identical to the reference. 
This suggests that the decrease in current density is due to the toluene solvent attacking the 
underlying layer and partially dissolving it, allowing the SY and PTAA to mix. Comparing the 
luminance values, all spin-coated devices have the same turn-on voltage of 2.5 V expected for 
an emitter material with a bandgap of 2.4 eV. Adding PTAA on non-CL SY results in a turn-
on of 4.0 V as the whole luminance curve is shifted to higher voltages. For doctor-bladed 
devices, the same trend is visible with turn-on voltages at 3 V being marginally higher.  

Again, for non-CL PTAA devices, the luminance shifts, and the turn-on voltage is now lying at 
4.5 V. As described before, crosslinking reduces the maximum luminance of devices without 
PTAA, in the case of spin-coated devices by 20% and by 46% if PTAA is added on non-CL 
devices. Device efficacies are comparable to literature values of OLEDs processed in ambient 
conditions.[237] Due to its superior solution stability, PTAA on crosslinked SY can return to 
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98% of the reference luminance. Lower current density, however, enables these devices to have 
improved current efficacy. 

For doctor-bladed devices, crosslinking and the addition of PTAA lead to highly improved 
brightness with a maximum luminance of 20 600 cd m-2, an increase of 78% compared to the 
reference. Remarkably, as can be seen in Figure 6.9f, devices are now highly efficient with a 
maximum efficacy of 6.5 cd A-1. Notably, the efficacy roll-off at higher luminance values is 
greatly decreased. This effect is being attributed in literature to charge imbalance, bimolecular 
quenching processes, or the influence of heat or an electric field.[238,239] Addition of an EBL 
interlayer can therefore reduce these processes most likely by balancing the charge carriers. 
CIE coordinates stay nearly constant for all spin-coated and doctor-bladed devices except in the 
case of non-crosslinked OLEDs with PTAA. The EL shift caused by the PTAA consequently 
also alters the CIE coordinates as can be seen in Table 6.2.  

 

Table 6.2. Turn-on voltage Von, luminance L, current efficacy ηc, and CIE1931 coordinates of fabricated OLEDs.  

 Type Von (V) Peak L (cd m-2) ηc (cd A-1) @ L (cd m-2) Peak ηc (cd A-1) CIE1931 
 100 1000 10 000 x y 

0.
04

 c
m

2 

Ref 2.5 49 986 0.54 1.80 4.33 4.85 0.48 0.51 
Ref CL 2.5 40 153 0.48 1.90 4.42 4.69 0.48 0.50 
PTAA 4.0 27 065 0.39 1.23 5.14 2.86 0.51 0.47 
PTAA CL 2.5 49 078 0.72 2.27 2.66 5.75 0.49 0.50 

0.
49

 c
m

2  

Ref 3.0 11 531 2.12 4.00 3.45 4.14 0.45 0.53 
Ref CL 3.0 11 120 1.75 3.05 3.24 3.62 0.46 0.52 
PTAA 4.5 11 513 0.80 1.88 3.39 3.44 0.48 0.50 
PTAA CL 3.0 20 606 1.79 4.70 6.32 6.48 0.46 0.53 

 

 



Chapter 6. Crosslinking for Multilayer Devices  

108 

 

 
Figure 6.9. JVL characterization of devices fabricated with spin-coated EBL (left) and doctor-bladed EBL (right). 
While crosslinking of Super-Yellow does reduce the density (a, d) and luminance (b, e) of both device types, 
adding a PTAA EBL (on crosslinked SY) improves efficacy (c, f). Especially on doctor-bladed devices, the EBL 
is also able to greatly delay the efficacy roll-off. Insets in a and d show running devices at 4 V. As previously 
mentioned, PTAA on non-crosslinked SY leads to a redshift in the EL spectra (insets in b and e). 
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6.6 Conclusion 
 

In conclusion, it could be shown that crosslinking is a viable option to facilitate solution 
processing of multilayer devices. A novel bisazide crosslinker was successfully employed to 
improve the solvent resistivity of the commonly used emitter material Super Yellow. 
Crosslinking properties were studied via TGA and FTIR and washing tests with crosslinked 
layers confirmed their stability. The crosslinking process did not alter the PL or EL emission 
spectrum of SY. 

Crosslinking enabled the processing of an electron blocking layer from a toluene solution, the 
same solvent as used for the emitter material. It could be shown that fast processing can be as 
effective as crosslinking but is not suitable for all production techniques. Different EBL 
materials were investigated and PTAA was found to be the most promising option. A thinner 
layer of PTAA resulted in the biggest device improvements. 

Devices produced via spin coating and including a PTAA EBL displayed improved luminance 
as well as current efficacy. The introduction of PTAA led to efficacies up to 5.8 cd A-1. 
Increasing the active area by transferring the process to the scalable technique of doctor blading, 
the positive influence of the EBL was even more evident. Luminance could be increased by 
78%, reaching values of 20 000 cd m-2 and current efficacy by 56% with maximal values of 
6.5 cd A-1. Compared to reference devices without the EBL, the efficacy roll-off was 
significantly decreased, hinting at an effective charge balancing by the blocking layer. 

While the crosslinking could be performed successfully it is still not clear which reaction 
mechanism can be used to explain the crosslinking of PPV materials in this case. Further 
experiments are needed here. Since the effect of the EBL has been shown to be more 
pronounced in larger devices, continued upscaling to even larger OLEDs could strengthen the 
reputation of solution processing as a viable alternative to vapor deposition. Production of fully 
solution-processed OLEDs is greatly facilitated by employing crosslinkers. 
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7 Conclusion and Outlook 
 

OLEDs have the potential to revolutionize the lighting and display market due to their low 
power consumption and good optical abilities. Their stability and lifetime have been drastically 
improved in recent years. Furthermore, the wasteful evaporation process of today’s OLED 
production is slowly being superseded by solution processing. This new development comes 
with its own set of challenges such as the question of how to manufacture stable but bendable 
electrodes or how to fabricate multilayer devices. This thesis has presented some insights into 
these questions. After a theoretical first part (Chapters 1 and 2), production and measurement 
setups were developed while in the second part novel materials were introduced into the OLED 
structure to improve the device’s properties and performance. In particular, the following 
aspects were described: 

Chapter 3 introduced custom-built setups to facilitate the production and characterization of 
devices. For the characterization of OLEDs, two setups were created. Fist, a JVL measurement 
station, which enables fast and precise measurements of OLEDs. This setup was used for the 
characterization of all OLEDs in this work. Secondly, an EQE setup using an integrating sphere 
to assess the OLED’s external quantum efficiency. From simple lab equipment, a low-cost haze 
measurement setup was developed to evaluate the quality of transparent films. This setup allows 
to quickly compare the qualitative haze of different samples. Lastly, a laser structuring process 
was implemented and its parameters were evaluated. It was then used in practice to pattern 
electrodes for upscaled OLED devices. 

The fabrication of metal electrodes was shown in chapter 4. A particle-free silver metal-
decomposition ink was utilized to create transparent, conductive electrodes. These were shown 
to be viable alternatives to the commonly used brittle ITO. On flexible PET substrates, silver 
electrodes showed improved bending stability when compared to ITO. Integrated into OLED 
devices, silver electrodes on glass were able to outperform ITO electrodes in terms of brightness 
(10 000 cd m-2) as well as efficacy (5.3 cd A-1). Processed onto flexible substrates, OLEDs 
showed high durability to bending stress, losing only 2% of the maximum brightness after 150 
bending cycles. In contrast, ITO devices lost 99% of their brightness after only a few bends. 
This makes flexible printed electrodes highly suitable for flex-to-install applications. In a 
second step, gold electrodes were fabricated from similar metal-decomposition inks using. The 
electrodes showed lower transparency but higher resistance to oxidation than silver electrodes. 
Implementation in OLEDs was shown as a proof of concept and resulted in working devices. 
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Chapter 5 dealt with novel materials to improve device efficacies. In the first part, a composite 
mixture of zinc oxide and polyethyleneimine was introduced as an electron injection layer. 
Different ratios of ZnO:PEI and their processing parameters were studied, and the optimal 
parameters were found to be a 2:1 ratio, a ZnO particle size of 12 nm, and a spin coating speed 
of 4500 rpm. With these parameters, highly efficient inverted OLEDs were able to be produced 
reaching up to 4.5 cd A-1. The second part of the chapter explored the potential of two novel 
molecules as substitutes for PTAA, which does not allow good wetting of perovskite materials. 
While the hole-conductivity of the new materials was found to be significantly lower, they 
considerably improved the wetting, enabling inkjet printing of perovskite layers which was not 
possible on PTAA. 

Finally, chapter 6 explored the possibility of cross-linking an emitter layer to create multilayer 
devices. A novel bisazide crosslinker was utilized to crosslink the emitter material Super 
Yellow. Crosslinked films showed high solvent resistivity and were able to be incorporated into 
inverted OLEDs. Spin-coated from the same solvent, an additional layer of PTAA acts as an 
electron blocking layer. OLEDs incorporating the PTAA layer displayed a heigher luminance 
up to 20 000 cd m-2 (78% increase) as well as an improved efficacy of 6.5 cd A-1 (56% 
increase). The insertion of an electron blocking layer improved the charge carrier balance, 
evidenced by a reduced efficacy roll-off. 

 

Outlook 

The development and improvement of organic light-emitting diodes is still an ongoing process. 
New materials are being investigated every day and new architectures are tested. Therefore, it 
is hard to foresee how OLED technology will develop in the next years and decades. 
Nevertheless, a small outlook can be given as to how the topics of this work can be further 
developed. 

As already described in the main text, the measurement and characterization stations built 
during this work will be further improved. They have to be adapted to larger devices as 
upscaling OLEDs is one of the big future goals. At the moment, standard OLEDs in this thesis 
had an acive area of 4 mm2 and 49 mm2. However, work is already underway on scaling up to 
sizes of 1 inch2 or 25 cm2. Automatization of the setups is also preferred to minimize user 
interactions. The data received must be stored in a suitable format that is as openly accessible 
as possible as for example in the FAIRmat project at Helmholtz-Zentrum Berlin.  

The fabricated electrodes from chapter 4 will further be tested not only for OLED but also for 
other electronic applications such as solar cells or other sensors. When silver is not a suitable 
material, gold electrodes may be applied. Additional metals, such as platinum or palladium are 
being investigated at the time of writing and can also be a future suitable electrode material. 
The ZnO:PEI interlayer discussed in chapter 5 is actively being applied in the standard recipe 
for inverted OLEDs within the Hybrid Devices group at Humboldt-Universität zu Berlin. 
Ternary blends, already reported in literature can be investigated in the future, including hole-
blocking molecules or other materials in the mix.[240] The novel molecules to improve wetting 
have to be further tested in devices. As was shown, they can enable perovskite printing on 
PTAA-type materials. Polymerization of the molecules is an ongoing goal for the synthesis 
collaborators from Heidelberg university. Lastly, the multilayer OLED structure and the 
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crosslinking approach discussed in chapter 6 can be further analyzed. The novel bisazide 
crosslinker still has to show its potential as a universal, additive crosslinker and has to be tested 
with other material combinations. 

In summary, combining all the approaches from this thesis, multilayer, large-area all-solution 
processed OLEDs can be seen as an achievable goal for the future.
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